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"^This paper filed June 18, 2007 

REMARKS 

Claims 1-22 are pending in this application. Claims 9, 10, 12 and 13 have 
been cancelled. Claims 1, 3, 4, 6. 1 1 and 14 have been amended to overcome the 
rejection of these claims under 35 USC 112, second paragraph. 

The specification has been objected to and accordingly amended, as shown 
above and in response to the Examiner's request, to update the status of the parent 
application recited in the specification amendment filed on January 26, 2004. No 
new matter has been added. Withdrawal of this objection is accordingly requested. 

The present specification is objected to under 37 CFR 1.821(d) because the 
Examiner finds the nucleotide sequences and the protein sequence n Figures 1 and 
6-7 should be identified with SEQ ID NOs:, respectively. Accordingly, the brief 
descriptions of those figures on pages 6-9 of the present specification have been 
amended to recited the identifiers, as suggested by the Examiner. No new matter 
has been added. Withdrawal of this objection is accordingly requested. 

Claims 1 , 4, 5, 7, 8, 1 1 and 14 stand rejected under 35 USC 1 12, second 
paragraph because the Examiner finds claim 1 to be unclear by the recitation of 
"both said DNA fragment and expression of a promoter" and unclear as to the other 
element of "both." Claim 1 a has accordingly been amended in view of the 
Examiner's remarks to a clearer form, as shown above. 

Additionally, the Examiner finds the recitation of "of a peptide-coding 
sequence" to be unclear and suggests inserting the language of "in a plant cell or a 
plant" into the claims. Claims 3, 4, 6, 11 and 14 have accordingly been so amended 
as shown above. 
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The applicants respectfully submit that all pending claims are fully allowable 
under Section 112. second paragraph. 

The applicants respectfully traverse the rejection of claims 1-8. 11 and 14 
under 35 USC 112. first paragraph for the following reasons. 

The Office Action states that the present specification does not enable any 
person of ordinary skill in the art to make or use the presently claimed invention 
commensurate in scope with claims 1. 4, 5, 7, 8. 11 and 14. 

In particular, the Office Action states that there is no evidence that SEQ ID 
NO: 2 alone could drive light repressible expression without combining with other 
promoters or other parts of SEQ ID NO: 3. 

The applicants respectfully disagree. The present specification discloses that 
a 12-bp cis-element (SEQ ID NO: 2) consisting of the 12-bp core sequence alone is 
sufficient to confer light repressibility on the expression of a gene placed 
downstream of the element. The applicants point out that Example 9 describes an 
analysis which was made to determine whether or not the 12-bp cis-element has the 
ability to confer light responsiveness on the minimal promoter of CaMV 35S (CaMV 
35S46) comprising the -46 bp region. The applicants submit that claim 5 satisfies 
the enablement requirement. 

Further, the Office Action states that there is no evidence to suggest that SEQ 
ID NO: 1 alone (one copy) or any sequence containing SEQ ID NO: 1 could be 
functional as SEQ ID NO: 2, 3, or the sequence containing nine copies of SEQ ID 
NO: 1. 

The applicants respectfully traverse this contention and attach as 
documentary support, the technical reference, Mitsuhara et al., Plant Cell Physiol. 
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37(1) pages 49-59 (1996). This reference describes that a series of chimeric 
promoters for higher-level expression of foreign genes in plants was constructed as 
fusions of CaMV 358 transcript (Fig. 1 of reference), the strength of these promoters 
was assayed in expression systems in plants and the activity of the promoter was 
evaluated. Mitsuhara et al. describes that the each chimeric promoter, which had 
different numbers of tandem repeats of cis-element from the 5'-upstream region of 
the 35S promoter, respectively, had promoter activity (Table 1). 

Further, Mitsuhara also describes that cis-element had activity such as an 
activity which enhances gene expression, autofluorescehce activity. This meant that 
the expression was inhibited by light and so on regardless of its repeating number. 
Based upon the teachings of the Mitsuhara reference, the applicants submit that a 
person of ordinary skill in the art would understand that there is evidence to suggest 
that both SEQ ID NO: 1 alone (one copy) and any sequence containing SEQ ID NO: 
1 could be functional as the sequence containing nine copies of SEQ ID NO: 1. 
Therefore, the skilled artisan can easily carry out the present invention on the basis 
of the technical acknowledge at the filing date of the present application, such as that 
described in the Mitsuhara reference. 

Additionally, the Office Action states that there is no evidence suggesting that 
the elements such as SEQ ID NO: 1 to 3 would likely work similarly in plants other 
than pea plants. The applicants respectfully disagree. The reference of Ngai et al., 
cited in the Office Action, Form PTO 892, Notice of References Cited, (Ngai, et al.. 
The Plant Journal (1997), 12(5), pages 1021-1034) describes that cis-element 
affecting the expression of asparagines synthetase (AS) genes whose transcription 
is negatively regulated by light and the cis-element were found in nuclear extracts of 
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tobacco, pea and Arabidopsis and therefore be universal factors involved in light- 
activated transcriptional repression. Further, Ngai, et al. also describes that the 
identity of "repressor" elements in AS1 would be useful for engineering a promoter 
for temporal expression of foreign genes in plants in which foreign gene expression 
could be repressed by light and/or sucrose (see page 1032 left column lines 9 to 13). 
From the standpoint of the Ngai et al. reference, the applicants submit that a person 
of ordinary skill in the art would understand that there is evidence suggesting that the 
elements which relate to the light-repressed transcription would likely work similarty 
in plants other than pea. 

Accordingly, the applicants submit that all presently considered claims are 
fully allowable under Section 112, first paragraph. 

The applicants respectfully traverse the rejection of claims 1-3 and 7 under 35 
use 102(b) in view of Jansen et al. or Okubo et al. or Richards et al. 

None of the cited references anticipate the presently claimed invention or 
make it obvious. 

The DNA fraghient containing the nucleic sequence of SEQ ID NO: 1 of the 
presently claimed invention is clearly differentiated from the nucleic acid disclosed in 
Jansen et al., Okubo et al., and Richards et al. in chemical structure, and especially 
the length of the nucleic sequence. The nucleic sequence of SEQ ID NO: 1 of the 
presently claimed invention is not identical as a substance to the sequences 
disclosed in those references because the length of the SEQ ID NO: 1 is different 
from the length of the referenced sequences. 
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Importantly, the references Jansen et al., Okubo et al. or Richards et al. 
neither disclose nor teach that the nucleic sequence of SEQ ID NO: 1 of the 
presently claimed invention is a core sequence. 

Moreover, the references Jansen et al., Okubo et al. or Richards et al. neither 
disclose nor teach that "an isolated DNA fragment is characterized by expressions of 
both a peptide-coding sequence placed downstream of the DNA fragment and a 
promoter operatively linked to said peptide-coding sequence in a plant cell or a plant 
are repressed by irradiation with white light at 70 |jmole/m^/sec or irradiation with red 
light for 2 minutes". 

Accordingly, the applicants submit that the presently claimed invention is not 
only unanticipated under Section 102 (b) by the references Jansen et al., Okubo et 
al. or Richards et aL, but further, the presently claimed invention is not rendered 
obvious by the teachings of these references taken alone or in combination. The 
presently claimed invention is fully allowable in view of the cited prior art. 

The applicants respectfully traverse the rejection of claims 4-6 and 8 under 35 
use 102(b) or in the alternative, under 35 USC 103(a) in view of Richards et al. The 
applicants submit that this reference does not make the presently claimed invention 
to be obvious. 

The promoter containing the nucleic sequence of SEQ ID NO: 1 of the 
presently claimed invention is clearly differentiated from the nucleic acid disclosed in 
Richards et al. in chemical structure, especially the length of the nucleic sequence as 
discussed above. The nucleic sequence of SEQ ID NO: 1 of the presently claimed 
invention is not identical as a substance to the sequences disclosed in Richards et 
al. because the length of the SEQ ID NO: 1 is different from the length of the 
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reference sequences. Further, Richards, neither discloses nor suggests that the 
nucleic sequence of SEQ ID NO: 1 of the presently claimed invention is a core 
sequence upstream of the promoter. 

Importantly, Richards et al. neither discloses nor suggests that the promoter is 
characterized by expression of a peptide-coding sequence operatively linked 
downstream of the promoter in a plant cell or a plant is repressed by irradiation with 
white light at 70 pmole/m^/sec or irradiation with red light for 2 minutes. 

The applicants submit that the presently claimed invention is no where 
disclosed, suggested or made obvious by the cited art. The presently claimed 
invention is fully allowable under both Section 102(b) and Section 103(a) in view of 
the cited references. 

In view of the above and the attached two technical references, the applicants 
submit that this application is in condition for allowance and a Notice to that effect is 
respectfully requested. 



Respectfully submitted. 



MANELLI DENISON & SELTER. PLLC 




Paul E. White, Jr. ^ 
Reg. No. 32,011 
Tel. No.: (202) 261-1050 
Fax No.: (202)887-0336 



2000 M Street, N.W. 
Seventh Floor 

Washington, D.C. 20036-3307 
(202) 261-1000 
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A series of chimeric promoters for higher-level expres- 
sion of foreign genes In plants was constructed as fusions 
of a gene for ^-glucuronidase (GUS) with the terminator of 
a gene for nopaline synthase {nos) or of the cauliflower 
mosaic vims (CaMV) 35S transcript* and the strength of 
these promoters was assayed In transient and stable expres- 
sion systems in tobacco and rice. As parts of these pro- 
moters, the CaMV 35S core promoter, three different 5- 
upstream sequences of the 35S promoter, the first Intron of 
a gene for phaseolin, and a 5 -untranslated sequence (/2 se- 
quence) of tobacco mosaic virus were used In various com- 
binations. In tobacco and rice protoplasts, all three frag- 
ments of the 3SS promoter (—419 to —90, —390 to -90 
and —290 to —90, relative to the site of Initiation off tran- 
scription), the intron, and the i2 sequence effectively en- 
hanced GUS activity. Some chimeric promoters allowed 
levels of GUS activity that were 20- to 70-fold higher than 
those obtained with the 35S promoter In pBI221. In tobac- 
co protoplasts, the two longer fragments of the 35S promot- 
er were more effective than the shortest fragment. In rice 
cells, by contrast, the shortest fragment was as effective as 
the two longer ones. The terminator of the 35S transcript 
was more effective than that of the nos gene for gene expres- 
sion. In transgenic tobacco plants, a representative power- 
ful promoter, as compared to the 3SS promoter, allowed 
10- and SO-fold higher levels of expression on average and 
at most, respectively, with no clear qualitative differences 
in tissue- and organ-specific patterns of expression. When 
the representative promoter was Introduced into tobacco 
with a gene for lodf erase, the au^fluorescence of detached 



Abbreviations: CaMV, cauliflower mosaic virus; CAT, chlo- 
ramphenicol acetyl transferase; GUS, ^-glucuronidase; LUC, luci- 
ferase; 4-MU, 4-methyl-umbelliferyl glucuronide; nor, gene for 
nopaline synthase gene, PCR, polymerase chain reaction; TMV, 
tobacco mosaic virus; X*gluc, S-bromo-4-ch]oro-3-indolyl glu- 
curonide. 

' To whom correspondence should be addressed. 



leaves after a supply of luciferin to petioles was great and 
was easily detectable by the naked eye in a dark room. 

Key words: CaMV 358 promoter — Gene expression — 
Rice (Oryzfl sativa) — Strong promoter — TMV Q se- 
quence — Tobacco (f^icoiiana iabacum). 



Promoters regulate gene expression both quantita- 
tively and qualitatively. The regulatory sequences of pro- 
moters that define the qualitative specificity of gene expres- 
sion in plants have been studied and much information has 
accumulated in recent years (Henniget al. 1994). However, 
details of the fine regulation of levels of the expression 
of transgenes have not been easy to obtain because of 
the limited kinds of promoter available. The cauliflower 
mosaic virus (CaMV) 35S promoter, which has been most 
frequently used as a constitutive strong promoter in plants 
(Ben fey and Chua 1990, Terada and Shimamoto 1990, 
Yang and Christou 1990) results in a level of expression 
that is insufficient for some purposes. For example, content 
of coat protein was only 0. 1% of the total leaf protein and 
resistance to infection by tobacco mosaic virus (TMV) was 
not very great in a transgenic tobacco plant that contained 
a chimeric gene composed of the 35S promoter and the 
gene for the TMV coat protein (Powell et al. 1986). Be- 
cause the level of viral resistance is dependent on the level 
of accumulated coat protein (Beachy et al. 1990), resist- 
ance should be improved if the level of expression of the 
coat protein gene could be increased by use of a promoter 
stronger than the 3SS promoter. The level of expression of 
an introduced antisense gene driven by the 3SS promoter 
was also found to be insufficient in transgenic plants for 
complete inhibition of expression of ADP-glucose pyro- 
phosphorylase (Muller-Rdber et al. 1992) and a sucrose 
transporter (Reismeier et aJ. 1994). 
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Several other sequences have been reported to enhance 
the expression of foreign genes. A 5 -upstream region of 
the 35S promoter (—343 to - 90) was found to act as an en- 
hancer sequence in higher plants (Odell et al« 1988). It con- 
tains many types of cis element that confer tissue-spedfic ex- 
pression ^ang et al. 1989, Benfey and Chua 1990). When 
this upstream region was used in two tandem repeats as an 
enhancer, the level of gene expression increased with in- 
creases in the number of regions (Kay et al. 1987, Tiramer- 
mans et al. 1990, Omirulleh et al. 1993). 

Introns in some genes have been postulated to stim- 
ulate gene expression by increasing the stability of the cor- 
responding mRNAs in the case of both animal cells and 
their viruses (Gruss and Khoury 1980, Buchman and Berg 
1988, Huang and Gorman 1990). Certain plant introns 
have also been shown to increase the level of expression 
of homologous or heterologous genes (Callis et al. 1987» 
McElroy et al. 1990, Clancy et al. 1994). When the first in- 
tron of a gene for phaseotin, a storage protein of the com- 
mon bean Phaseolus vulgaris (Slightom et al. 1983), was 
inserted in the 5-upstream region of a gene for chlo- 
ramphenicol acetyl transferase (CAT), a 10-fold enhance- 
ment of gene expression was observed in rice protoplasts 
(Hirochika et al. in preparation). 

Tobacco mosaic virus (TMV) has a unique G-free se- 
quence iO sequence) in the 5 -untranslated region of its 
genomic RNA. This sequence was reported to improve the 
efficiency of translation in plant, animal and E. coli cells, in 
vitro and in vivo (Sleat et al. 1987, Gallie et al. 1991), proba- 
bly by preventing the formation of secondary structure of 
mRNA and/or enhancing interactions between mRNA and 
ribosomes. 

The terminator of chimeric genes also plays an impor- 
tant role in gene expression by affecting the stability of 
mRNA (Ingelbrecht et al. 1989). In plants, the 3 -untranslat- 
ed region of the CaMV 35S transcript and that of the gene 
for nopaline synthase (nos) in the Ti plasmid (Bevan et al. 
1983) are often used as terminators. 

Although the individual elements listed above have 
been reported to affect gene expression, there have been no 
reports on the effects of combinations of these sequences 
together in monocotyledonous and dicotyledonous plants. 
In this study, we constructed a series of promoter cassettes 
that contained specific sequences in an attempt to induce 
higher levels of expression of transgenes in plants. The 
levels of expression of the various constructs were analyzed 
to evaluate the effects of the different elements in transient 
and stable expression systems in tobacco and rice. 

Materials and Methods 

Construction of promoter-CUS chimeric genes — DNA was 
manipulated as described by Maniatis ct al. (1989), and recombi- 
nant polymerase chain reaction (PGR) was carried out as de- 



scribed by Higuchi (1989). Plasmids pBI22l and pBI121 (Jefferson 
ct al. 1987) were products of Clontech (Palo AJto, CA, U.S.A.). 
Plasmid pFF19G (Timmermans et al. 1990) was a gift from Prof. 
J. Messing (Rutgers University). Plant expression vectors pREX- 
1 , pEN4 and pEN6 were made by Hirochika et al. (in prepara- 
tion). The gene for luciferasc (LUC) was obtained as a restriction 
fragment from pT3/T7-Luc (Clontech). 

The promoter region of the CaMV 3SS transcript was am- 
plified by PCR from pBI221 with A5 (5-ATCTCCACTGAC- 
GTAAGGOATGACO-3') and A3 (5 -TTGTAAAAATACGTA- 
CCTCTCCAAATGAAATGAACTTCC-3') as primers. The Q 
sequence of TMV was amplified from TMV cDNA clone pLn 
A-A25 (Nishiguchi ct al. 1985) with B5 (5 -TTTCATTTGCAGAG- 
GTACGTATTTTTACAACAATTACCAACAA-3') and B3 (5- 
GTACGAGCTCTOATCAACGTCCATGGTGGATCCTCTAO 
ATGTAGTTOTAGAATOTAAAATGTAATGTTG-3') as prim- 
ers. 

Closed circular plasmid DNA for clcctroporation was puri- 
fied by CsCl/etbictium bromide density gradient centrifugation. 
The GUS fusion in the binary vector pBI 121 (Clontech) was replac- 
ed by constructed GUS fusions, inserted at the Nindlll and £^RI 
sites. Each resulting construction was used to transform AgrobaC" 
terium tumrfaciens strain LBA4404 (Ooms et al. 1981) by clcctro- 
poration. 

Analysis of transient expression-^Thc transient expression of 
GUS fusion constructs was analyzed as follows. Tobacco meso- 
phyll protoplasts were prepared from fully expanded upper leaves 
of Nicotiana tabacum cv. Samsun NN. The lower epidermis of a 
sterilized tobacco leaf was abraded with carl>orundum (mesh 600; 
Kishida Chemicals Co., Osaka, Japan) to facilitate penetration of 
the wall-degrading enzymes, and the pieces of leaves were floated 
on O.S M mannitol that contained \% ceUulase Onozuka R-10 
(Yakult Co., Tokyo, Japan) and 0.02^^ pcctolyase Y-23 (Seishin 
Pharmaceutical Co., Tokyo, Japan) at 28''C with occasional agita- 
tion. After digestion for 2 h, the protoplasts were filtered through 
80-/jm nylon mesh, collected by centrifugation at 100 x ^ for 2 min 
and then washed twice with O.S M mannitol. The viability of the 
protoplasts was determined by staining with Evans Blue (Wako 
Chemicals Co., Osaka, Japan). 

Isolated protoplasts (10* cells) were carefully resuspended in 
0.5 ml of 0.5 M mannitol that contained lOpg of purified super- 
coiled plasmid DNA which included various promoter fusion con- 
structs and 100 ;ig of carrier DNA (salmon sperm DNA, 0.5 kb in 
average length; Wako Chemicals Co.). Electroporation was per- 
formed at 500 V cm"' for 15-20 ms on ice, in a cuvette with a 0.4> 
cm electrode gap, in a diclectrophoretic ccll>fusion processor 
(model SCFl A; Sankd Co., Tokyo, Japan). Electroporated proto- 
plasts were kept on ice for 15-30 min, collected by centrifugation, 
and then cultured at 28"C In darkness In 0.5 ml of medium that 
contained inorganic salts (Murashtge and Skoog 1962), vitamins 
for B5 medium (Gamborg et al. 1968), 5 /iM 2,4*D, 2.5 /iM kinetin 
and 0.4 M glucose. 

Rice protoplasts were prepared from suspension-cultured 
cells of Oryz/a sativa cv. Nipponbare. Isolation and electropora- 
tion were carried out as described previously (Kosugi et al. 1990). 

Analysis of stable expression — ^Tobacco plants were trans- 
formed by infection with A. tumefaciens LBA4404 that carried 
the modified binary vectors by the leaf disc-method (Horsch et al. 
19^5). Transfonnants were selected in the presence of lOO/ig mP' 
kanamycin. GUS activity in the upper fully-expanded leaves of 
regenerated transformants was analyzed at a similar growth stage. 

Transformation of rice was carried out as described by 
Sugimoto ct al. (1994). Protoplasts were prepared from rice sus- 
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pension-cultured cells (cv. Nipponbare). Cells (l.Sx lO^mP') 
were electroporated in a continuous flow dectro-transfector 
(CET-100; JASCO. Tokyo, Japan) in 0.5 M mannitol that con- 
tained 0.1 mM MgS04» 20^gml~' sonicated calf thymus DNA as 
carrier DNA, 2/fg of placid DNA that included a fusion con- 
struct and 0.4 fig of plasmid that contained theCaMV 35S promot- 
er and the gene for hygromydn phosphotransferase CpUC19HPT: 
kindly provided by Dr. A. Kato) as a selectable marker gene. A 
rectangular electric pulse of 1,000 V cm' ' was applied six times 
for 0.1 ms each. After a 10-day incubation in a conditioned medi- 
um, hygromydn-resistant call! were sdected and integration of the 
fusion constructs was studied by PGR. 

Analysis of GUS and LUC activities—QVS activity was ana- 
lyzed by the fluorometric method of Kosugi et al. (1990) with 4- 
methyl-umbelliferyl glucuronide (4-MU) as a substrate. Histo- 
chemical staining for GUS was carried out as described by 
Ohshima et al. (1990). Tissue or pollen was stained in SO mM phos> 
phate buffer (pH 7.0) that contained 1 mM S-bromo-4-cb]oro-3- 
indolyl glucuronide (X-GIuc) at BV^C in the presence of antibiot- 
ics. For the assay of LUC activity, expanded upper young leaves 
of transgenic plants that contained the LUC gene were detached. 
After absorption of 200 /il of a 1 mM solution of ludferin (Sigma, 
St. Louis, MO, U.S.A.) in 10 mM sodium-citrate buffer (pH 5.0) 
through the petiole, the leaves were photographed in a dark room 
on ISO 1600 film, with an exposure time of 10 min, and an aper- 
ture of F/1. 7. 

Results 

Construction of promoter cassettes— The structures of 
the promoter cassettes that were constructed in this study 
are summarized in Figure 1. The cassettes were generated 
as follows. The CaMV 353 core promoter was prepared by 
PGR using primers A5 and A3. A3 includes a SnaBl site 
and a sequence complementary to the 5' region of the Q se- 
quence of TMV at its 5' end. The Q sequence was prepared 
by PGR with primers B5 and B3. The B5 primer has a se- 
quence identical to the 3' end of the GaMV 35S promoter, 
and the B3 primer has a polylinker sequence that contains 
Xbal, BamHl, Nco\, Bell and Sad sites. Products of PGR 
with the 35S promoter and the Q sequence were fused by 
the recombinant PGR technique. 



Fig. 1 Diagrams of all tested constructs. All constructs were 
inserted into Hindlll and EcoRI restriction sites located within 
the polycloning sites of plasmid pUClS or pBII21. E7: 5 -up- 
stream sequence of CaMV 35S promoter (—940 to —290) and 
( — 290 to —90) X 7. EI2: 5 -upstream sequence of CaMV 35S pro- 
moter (—419 to — 90)x2. En4: 5 -upstream sequence of CaMV 
353 promoter (— 940 to — 390) and ( - 390 to - 90) x 4. En6: 5'-up- 
stream sequence of CaMV 35S promoter (—940 to -390) and 
(—390 to —90) X 6. P35S: 3'-upstrcam sequence of CaMV 35S pro- 
moter (—90 to — I). X>: 5'-untransIated sequence of TMV. Intron: 
first intron of a gene for phaseolin. GUS: protein-coding region of 
a gene for ^^-glucuronidase. LUC: protein-coding region of a gene 
for luciferase. Tnos: polyadenylatton signal of the gene for 
nopaline synthase in the Ti plasmid. T35S: polyadenylation signal 
of the CaMV 35S transcript. B, BamHl; El, £coRI; E5, £^coRV; 
H3. Hindlll: Ns. Nsil; Sc. Sad; SI. Sail; Sm. Smal; Sn. SnaBl; 
Sp, SpM; P, Psil; X, Xbal. 



The Ncol site of the plant expression plasmid pREX- 
1, located in the S -upstream region of the 35S enhancer, 
was disrupted by digestion with Ncol that was followed by 
filling in with the Klenow fragment and self-ligation. The 
£coRV-5acI region of the resultant plasmid pREX-l' was 
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replaced by a product of recombinant PCR that contained 
the 35S core promoter and the P sequence to make pE7113 
(E7A). The plasmid pE7]]3 has seven tandemly repeated 
enhancer-like elements (—90 to —290, relative to the site of 
initiation of transcription as + 1) of the 35S promoter (E7), 
the 35S core promoter, the Q sequence, the poJylinker se- 
quence, and the terminator of the nos gene. The first intron 
of the gene for phaseolin was obtained as an XbaUBamHl 
fragment of pREX-1 and inserted into the Xbal-BamHl si- 
te of pE71 13 (Bin) to make pE7133 (ElQln), Each regula- 
tory sequence utilized in pE7133 (£7^^In) has unique flank- 
ing restriction sites those allow the sequences to be easily 
removed or replaced by other sequences. Accordingly, 
pE7123 (E7In) and pE7]03 (E7) were produced by excision 
of the O sequence from pE7133 and pE7n3, respectively, 
by SnaBl and Xbal digestion, blunting and ligation. The 
GUS gene was obtained as a BamHl-Sacl fragment from 
pBI221 and inserted into pE7133, pE7113, pE7123 and 
pE7103 to produce pE7]33-CUS (E70In-GUS), pE7n3- 
GUS (E7i2-GUS), pE7]23-GUS (E7In-GUS) and pE7103- 
GUS (E7-GUS). respectively. 

Replacement of the ncs terminator of the plasmid by 
the 35S terminator and cloning of the GUS gene was achiev- 
ed by cloning the BarnHJ-EcoKl fragment of pFF19G 
into the BamHl and EcoRl sites in pE7133, pE7n3, 
PE7123 and p£7103 to produce pE7131-GUS, p£7111- 
GUS, pE7121.GUS and pE710]-GUS, respectively. The 
enhancer-like element of pE7]13 was replaced by Hindlll 
and ScoKV fragments of pFFI9G, pEN4. or p£N6. The 
resulting clones had different lengths and copy numbers of 



enhancer-like elements from the S -upstream region of the 
35S promoter; pE21 13 had two tandem repeats of —419 to 
-90 (E12), pE4113 had four tandem repeats of -390 to 
-90 (En4), and pE6113 had six repeats of -390 to -90 
(En6). The Hindlll and EcoKl fragments were excised 
from pE7113-GUS (E7fi-GUS) and pE2113-OUS (BIW- 
GUS) and recloned into a binary Ti plasmid pBIlll to 
yield the binary plasmids pBE7]13-GUS (E70-GUS) and 
pBE2113-GUS (E12i2-GUS), respectively. In order to pro- 
duce the expression vectors that contained the gene for 
LUC (pBI12|.LUC and pBE21 13-LUO, the gene for LUC 
was obtained as a BamHl-Sacl fragment from pT3/T7-Luc 
and recloned into binary plasmids pBII21 (35S-GUS) and 
pBE21l3-GUS (EI2A-GUS), respectively, at the BamHl 
and Sad site. 

Analysis of transient expression in tobacco and rice 
protoplasts — To evaluate the promoter activities of the 
various constructs, the level of GUS activity in tobacco 
and rice protoplasts was examined one day after elec- 
troporation (Table 1). In tobacco mesophyll protoplasts, 
the level of GUS activity was about two or more orders of 
magnitude higher than that in rice protoplasts prepared 
from suspension-cultured cells on the basis of both 
cell number and protein concentration. All promoters 
presented in Table I conferred considerably higher GUS ac- 
tivity than the 35S promoter of pBI221 (35S-GUS). As com- 
pared to the level of expression of 35S-GUS, the levels of 
expression of tested constructs were 4- to 26-fold higher in 
tobacco cells and 1 .5- to 76-fold higher in rice cells. 

The a sequence of TMV increased GUS activity 2- to 



Table 1 Transient expression of the GUS gene driven by various promoter constructs in tobacco and rice protoplasts 

GUS activity (4-MU nmol/10^ cells/min) 

^i^mvf Structure of plasmid Tobacco ' Rice 



(Ratio) (Ratio) 



pBI22I 




35S 






GUS- 


Tnos 


50 


( 1.0) 


0.27 


( 1.0) 


pE7j33-GUS 


E7 


-P35S 




In 


-GUS- 


Tnos 


860 . 


(17.2) 


18.5 


(68.5) 


PE71I3-GUS 


E7 


- P35S 


-a- 




GUS- 


Tnos 


430 


( 8.6) 


5.6 


(20.7) 


PE7123-GUS 


E7 


- P35S 




In 


-GUS- 


Tnos 


195 


( 3.9) 


1.9 


( 6.9) 


PE7I03-GUS 


E7 


- P35S 






GUS- 


Tnos 


Not tested 


0.40 


( 1.5) 


PE7131-GUS 


E7 


- P35S 


-a- 


In 


-GUS- 


T35S 


1,170 


(23.4) 


20.5 


(75.9) 


pE7ni-GUS 


E7 


- P35S 






GUS - 


T35S 


1,320 


(26.4) 


7.5 


(27.8) 


PE712I-GUS 


E7 


.P35S 




In 


-GUS- 


T35S 


725 


(14.5) 


4.4 


(16.3) 


pE7101-GUS 


E7 


- P35S 






GUS- 


T35S 


305 


( 6.1) 


1.8 


( 6.5) 


pE2n3.GUS 


E12 


-P35S 






GUS- 


Tnos 


1,150 


(23:0) 


0.96 


( 3.6) 


pE4113-GUS 


En4 


- P35S 






GUS - 


Tnos 


860 


(17.2) 


2.4 


( 9.0) 


pE6ll3-GUS 


En6 


- P35S 






GUS- 


Tnos 


1,300 


(26.0) 


3.2 


(11.9) 



After etcctroporation, protoplasts were incubated for 24 h, and GUS activity was determined as described in Materials and Methods. 
The values relative to those obtained with pB]22l (35S-GUS construct) are shown in parentheses. All data are averages of results from 
four different experiments. 



Efficient promoters for enhanced s^ne expression 



53 



S-fold in tobacco and 4- to 10-fold in rice, as revealed by 
comparison of the activities of promoter constnias with 
and without Q (pE7133-GUS vs. pE7123-GUS, pE7113- 
GUS vs. pE7103-GUS. pE7131-GUS vs. pE7121.GUS and 
pE71 11-GUS vs. pE7101-GUS). In aU four cases, the Q se- 
quence was quite effective in enhancing gene expression. 
Thus, this sequence was effective in both tobacco and rice 
cells. 

The positive effect of the intron on the expression of fu- 
sion constructs was also clear in rice protoplasts. Com- 
parison of data for pE7133-GUS vs. pE7113-GUS and 
pE7121-GUS vs. pE7101-GUS revealed an intron-mediated 
3- to 5-fold enhancement of GUS activity. In tobacco cells, 
the effect of the intron was less clear, it induced only a 
doubling of GUS activity when pE7133-GUS (E7nin. 
GUS) was compared to pE7113-GUS (E7fi-GUS) and 
pE7l21-GUS to pE7101-GUS. Moreover, the intron had 
no effect on pE7131 as compared to pE7lll. 

All enhancer-like sequences of the 35S promoter used 
in this study [E12, (-419 to -90) x 2; En4, (-940 to 
-390)+(390 to -90)x4; En6, (-940 to -390)+(-390 
to -90) X 6; and E7. (-940 to -290) +(-290 to -90) x 71 
increased GUS activity in both tobacco and rice cells but 
the extent of such enhancement varied. In tobacco cells, 
the two longer fragments with fewer repeats (E12, En4 and 
En6) conferred higher-level expression than the shorter se- 
quence with more repeats (E7). For example, the levels of 
the activity associated with pE2113-GUS 0EI2i2-GUS), 
pE4113-GUS (En4«-GUS) and pE6n3-GUS 0En6X3-GUS) 
were 2 to 3 times higher than that associated with pE71 13- 
GUS (E70-GUS). By contrast, in rice cells, the shortest en- 
hancer with the most repeats (E7) was the most effective 



sequence, being 2 to 6 times more active than the longer 
enhancers with fewer repeats (En4, En6 and £12), as indicat- 
ed by the Uansient expression of GUS from pE7113-GUS 
(E7i3-GUS), PE4113-GUS (En4r2-GUS), pE6113-GUS 
(En6n-GUS) and pE2113-GUS (E12fi.GUS). 

The effect of the terminator in the fusion constructs 
was studied with four different sets of promoters, namely, 
pE7 1 33-GUS and pE7 1 3 1 -GUS, pE7 1 1 3-GUS and pE7 U 1 - 
GUS, pE7123-GUS and pE7121-GUS, and pE7103-GUS 
and pE7101-GUS. In all cases, the terminator of the CaMV 
35S transcript induced higher levels of GUS activity than 
that of the nos gene in both plant species (Table 1). 

In tobacco protoplasts, pE2113 (£12^}), pE6113 
(En60), pE7131 and pE7111 similarly caused extremely 
high-level expression equal to more than 20 times that of 
35S-GUS. Among these constructs, pE2113 (E12£)) was 
selected as the representative of promoters of highest-level 
expression in dicotyledonous plants for further analysis be- 
cause it was the shortest and had the simplest structure. 
The pE7l 13 construct (B7Q), with an expression level that 
was 8.6 times that of 35S-GUS, was selected as a moderate- 
ly high-level expression promoter. 

In rice protoplasts, pE7133 (E7l2InTnos) and pE7J31 
(E7j2InT35S) induced exceptionally high levels of expres- 
sion, which were about 70 times higher than that induced 
by 35S-GUS. Construct pE7133 (E7i?InTnos) was selected 
as a representative of the highest-level expression promot- 
ers in monocotyledonous plants because of the ease of its 
construction, while pE71 13 (E7Q) was taken as a moderate- 
ly high-level expression promoter, causing expression at a 
level 21-fold higher than 35S-GUS. 

Analysis of the promoters in tobacco and rice tran^or- 
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Fig. 2 Frequency distribution of levels of CUS activity in transgenic tobacco (A) and rice plants (B). Mean GUS activities and the 
numbers of plants used are shown at the bottom of the Figure. 
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Effect of leaf posiUon on GUS activity in transgeiuc tobacco plants that carried 35S-GUS (pBI121) and E!2i3-GUS (pBE2] 13- 
Data were obtained from a typical specimen of each transgenic plant. 



mants — ^To study the characteristics of the constructed pro- 
moters in transgenic tobacco plants, Hindlll and EcoBl 
fragments containing the entire promoter-GUS-terminator 
constructs from pE7in-GUS (E7i2-GUS) and pE2113- 
GUS (E12i3-GUS) were inserted into the /f/>idIII-EcoRI 
site of the binary vector pBI 121, replacing of 3SS-GUS 
gene. The resultant plasmids were introduced mXo Agrobac- 
ierium tumefaciens LBA4404. After inoculation of pieces 
of tobacco leaves with the bacterium, 30 to 40 kanamyctn- 
resistant shoots were regenerated and rooted. The regener- 
ated plants were transferred to soli, and GUS activity in the 
upper fully developed leaves was measured. No major 
differences were observed in the efficiency of transforma- 
tion and regeneration or in morphology among all 30- 
40 transformants and the control non-transformants. As 
shown in Figure 2A, transformants with the E12^2-GUS 
and E7f2-GUS promoters had apparently higher GUS activ- 
ity than those with the 35S promoter. Compared with the 
level in transformants that carried 35S-GUS, the level of 
GUS activity in E7i2-GUS and EI2i2-GUS transformants 
was about 3 and 10 times higher on average* respectively. 
The highest levels of GUS activity in E12i?-GUS plants, 
E7D-GUS plants, and 35S-GUS plants were 733, 289, and 
45 nmoles 4-MU mg protein^' min'*, respectively. 

GUS activity in the middle parts of leaf blades of 



young transgenic rice plants that harbored pE7n3-GUS 
(E7r?-GUS) and pBI221 (35S-GUS) was determined. The 
frequency distribution of GUS activities in leaf extracts of 
transgenic rice is shown in Figure 2B. The overall level of 
GUS activity was much higher In the E7n-GUS popula-r 
tion, being on average about 14 times higher than that in 
35S-GUS plants. The highest levels of GUS activity in 
transformants with E7i2-GUS and in those with 35S-GUS 
were 2.4 and 0.37 nmoles 4-NfU mg protein"*' min"', re- 
spectively. 

It is important to characterize the specific mode expres- 
sion of promoters at each developmental and spatial level. 
GUS activities of leaves at different positions on 35S-GUS 
and E120-GUS tobacco plants at a similar growth stage 
(when plants were about 120 cm in height) were determined 
(Fig. 3). In both 35S-GUS and E12D-GUS plants, the activ- 
ity was highest in the upper fully expanded leaves (leaf posi- 
tion 5-7 in Fig. 3), decreasing gradually in the leaves at 
lower position. 

Histochemica! analysis of the expression of strong pro- 
moters in transgenic tobacco plants — To study the mode of 
gene expression of the strong promoters, GUS activity was 
determined by histochemical staining of organs and tissues 
in transgenic tobacco plants. Figure 4 shows GUS activities 
in cross sections of leaf blades (A, B), longitudinal sections 



Fig. 4 Histochemical examination of the expression of foreign genes in transgenic tobacco plants. Several parts of tissues or 
organs from transgenic tobacco (A-L) were subjected to analysts of GUS activity. (A, C, E, G, 1, K) Transgenic tobacco plants contain- 
ing pBn21 (35S-GUS). (B, D, F, H» J, L) Transgenic (obacco plants containing pBE21 13>GUS (EI20-GUS). (A, B) Leaf sections (100 
/<m (hick) stained for 2 h at 37*C. Bar=200/im. (C. D) Longitudinal sections of shoot apex (80 ^im thick) stained for 1 h. Bar=S00/im. 
(E, F) Longitudinal sections of flowers, 4 days before flowering, stained for 1 h. Bai=SOO/<m. (G, H) Intact pollen grains stained for 2 
h. Bar=s20^ro. (I, J) Intact roots stained for 1 h. Bar==10D/im. (K, L) Intact seedlings, 4 days after imbibition, stained for 1 h. Bar= 
500 /im. (M) Autofluorescenoe of transgenic tobacco leaves that contained pBI12J-LUC (left) and pBE2113-LUC (right). Ludferin was 
absorbed by leaves of transformants from petioles and autofiuorescence was observed in a dark room. The photograph was taken on 
ISO 1600 film, with an exposure time of 10 min, and an aperture of F/1.7. 



56 



I. Mitsuhara et al. 



Table 2 GUS activity in various organs of transgenic tobacco seedlings of Rl progeny that harbored 35S-GUS and 
E1212-GUS 

35S-GUS EllQGVS 



Organ Stage of germination Stage of germination 

!• 2* 3*^ 12 3 



Cotyledon 


+ + 


+ + 


+ 




+ + 


+ 


Hypocotyl 


+ + 












Transitional region between shoot and root 


+ 


+ 




+ + 


+ + 


+ 


Lateral root primordium 


/ 


/ 










Stele of seminal root 


/ 


+ 


+ 


• / 




+ 


Epidermis and root hair of seminal root 


± 


+ - 


+ - 


+ + 


+ + 


+ + 


Root apical meristem 


± 


± 


+ + 


+ 


+ 


+ + 


Root cap 


+ 




+ - 


+ 


+ + 


+ + 



* Stage 1: seed coat has broken and radicle is extending. Days after imbibition (DAI) 2-3. 

* Stage 2: radide is elongating and cotyledons are extending from seed coat. (DAI 4). 

' Stage 3: seed coat is dropping off and hypocotyl is extending from the transitional region between the shoot and the root (DAI 5-7). 
+ — , GUS activity was deteaed in some plants; ± , faint GUS activity was observed; + , GUS activity was observed; + +• strong GUS 
activity was observed; ~» no activity was detected; unable to observe the organ in this stage. 



of the shoot apex (C, D) and flowers (E, F) 4 days before 
flowering, in pollen (G, H), in roots (I, J) and in seedlings 
(K, L) of transgenic tobacco plants that contained 35S- 
GUS (pBI121; A, C, E, G. I. K) and E12n.GUS (pE2n3- 
GUS; B, D, F, H, J. L). The levels of GUS activity in 
plants with E12i2-GUS were much higher than those in 
plants with 35S-GUS in all organs and tissues examined. 
This result is consistent with the results obtained by fluo- 
rometric determinations of GUS activity in transient and 
stable expression assays (Table 1 and Fig. 2). 

In leaf blades of 35S-GUS and E12r^-GUS plants, 
strong GUS activity was detected in the palisade* spongy 
and epidermal cells (A» B). Iii longitudinal sections of 
shoot apices, strong staining was observed around vascular 
bundles in both 35S-GUS plants and E1213-GUS plants (C, 
D), and blue staining was also detected around apical 
meristems in EI2r2-GUS plants. In flower sections, GUS ac- 
tivity was observed only in some parts of the pistil and 
placenta of pBI121 plants, while strong GUS activity was 
observed in most parts of flowers of E]2i2-GUS plants (E, 
F). Pollen of E12I2-GUS plants expressed high-level GUS 
activity, but pollen of 35S-GUS plants did not (G, H). 
While strong staining was observed in the central cylinder 
of roots in both types of plant, the level of GUS activity in 
EI2/3-GUS plants was much higher than that in 35S-GUS 
plants (I, J). In seedlings of 35S-GUS plants, weak activity 
was observed in the transition regions between shoots and 
roots, and between the root apical meristem and the root 
cap (K). In E12i3-GUS plants, GUS activity was quite 
strong in roots and cotyledons (L). 

The pattern of expression of GUS activity in tobacco 
seedlings at various developmental stages was also analyzed 
[Table 2 and Fig. 4 (K, L)]. In most organs, staining for 



GUS was stronger in tissues of E12f?-GUS plants than in 
those of 35S-GUS plants. However, as shown in Table 2, 
the patterns of staining in the various organs were very 
similar in the 35S-GUS plants and E12i^-GUS plants. 

To further evaluate the promoter activities, the gene 
for LUC was used instead of the gene for GUS. Fusions 
with the LUC gene (pBE2113-LUC and pBI12l-LUC, see 
Fig. 1) were introduced into tobacco plants. The leaves 
of transformants of 30 cm in height were detached and 
luciferin was absorbed through petioles. Among 17 trans- 
formants that carried a construct with a strong promoter 
(pB£21 13; EI2D), seven plants exhibited strong autofluores- 
cence and another seven plants fluoresced weakly. The light 
emitted by the leaves was easily detected by the naked eye 
in a dark room. In the case of 3SS-LUC plants, only four 
out of eleven transformants showed faint autofluorescence. 
Typical 35S-LUC and EI2I2-LUC plants that exhibited the 
strongest autofluorescence are contrasted in Figure 4 (M). 

Discussion 

We constructed a series of promoter cassettes by com- 
bining enhancers of the 3SS promoter, an intron, and the O 
sequence to stimulate the expression of foreign genes in rice 
and tobacco. Studies of transient and stable expression 
demonstrated that all the cassettes could function eflicient- 
ly in both tobacco and rice plants^ Compared with the 
CaMV 35S promoter in pBI22l, the strongest promoters 
were 26 and 76 times stronger in terms of the enhancement 
of levels of the marker protein in tobacco and rice proto- 
plasts, respectively. The most efficient promoters in tobac- 
co ceils were not the same as those in rice cells, suggesting 
difiicrences in the specificity of gene expression between 
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plant species and/or between dicotyledonous and rnonocot- 
yiedonous plants. 

The CaMV 35S promoter is known to function in 
many organs of many higher plants (Benfey and Chua 
1990, Terada et al. 1990, Yang and Christou 1990). En- 
hancer-like elements are located in the 5 -upstream region 
of the promoter (Odell et al. 1988, Fang et al. 1989), and 
tandem duplication of sequences enhances gene expression 
(Kay et al. 1987, Timmermans et al. 1990, Omirulleh et al. 
1 993). Hirochika et al. (in preparation) showed that one se- 
quence (—290 to —90) of the 35S promoter was more cCfec- 
tive than a longer sequence (—390 to —90) that included 
the shorter sequence in inducing high-level expression of 
CAT gene fusions in rice cells. CAT activity increased with 
the number of each sequence, reaching a maximum with 
seven tandem repeats. In the current study, seven repeats of 
the shorter 200-bp fragment were more effective than four 
and six repeats of the longer sequence (—390 to —90, En) 
and two repeats of the longer sequence (—419 to —90, E12) 
in rice cells. In tobacco cells, however, the seven repeats of 
the shorter 200-bp sequence were not as effective as the 
other two longer sequences (Table 1). This variable re- 
sponse to the enhancer sequences in different plant spe- 
cies suggests that differences exist in the transcriptional 
machinery, which includes specific fra/if-acting factors in 
individual organs. It is known that the 35S promoter has 
multiple cis elements in its 5 -upstream region (Kawata et 
al. 1989, Lam and Chua 1989, Yanagisawa and Izui 1992). 
Combinations of these elements may have different effects 
in different tissues, organs and plant species (Fang et al. 
1989, Benfey and Chua 1990). 

Some introns are known to increase the level of gene 
expression in animals and plants. This phenomenon is 
presumed to be due to an increase in the stability of 
mRNA, although this phenomenon is not clear in dicot 
plants (McElroy et al. 1991, Leon et al. 1991), perhaps be- 
cause of differences in splicing efficiency between monocoty- 
ledonous and dicotyledonous plants (Keith and Chua 1986, 
Tanaka et al. 1990). In this study, higher GUS activity was 
clearly evident when we included the first intron of the gene 
for phaseolin in rice and sometimes in tobacco, confirming 
that the intron effectively enhanced the synthesis of prod- 
ucts of a foreign gene, at least in rice plants. 

The terminator in chimeric genes also plays an impor- 
tant role in the control of the level of gene expression by 
affecting the efficiency of the 3 -processing and/or the 
stability of mRNA (Ingelbrecht et al. 1989). In this study, it 
was revealed that 3 -untranslated region of the CaMV 3SS 
transcript was more effective for higher-level expression 
than the terminator of the gene for nopaline synthase in the 
Ti plasmid. This observation indicates that selection of the 
terminator is also important for expression of a foreign 
gene. 

The £} sequence of TMV can increase the amount of a 



gene product in plant and animal cells, and even in E, coli 
(Sleat et al. 1987, Gallic et al. 1989, 1991). In the present 
study, constructs containing this sequence yielded 2 to 4 
times higher GUS activity in tobacco and 3 to 5 times 
higher GUS activity in rice than constructs without this se- 
quence. Because the positive effect of the O sequence is ex- 
erted at the translational level, the mechanism of action of 
this element in enhanced gene expression is probably inde- 
pendent of that of enhancers or introns. 

The elements tested in this study might function at 
different steps in gene expression. Thus, all the elements, 
when combined, should enhance gene expression in an ad- 
ditive manner. Our current results that all elements en- 
hanced expression of a reporter gene in every combination, 
with the exception of one case of the intron in tobacco cells 
(pE7131-GUS vs. pB7in-GUS), strongly support such 
postulate. 

Among the four promoter constructs which were ex- . 
traordinarily active (more than 20 times more active than 
35S-GUS) in tobacco protoplasts, one construct, EMQ, 
was selected together with the moderately strong promoter 
ETQ (8.6 times more active) for stable transformation ex- 
periments. The levels of GUS activity in E12i?-GUS plants 
and E7X2-GUS plants were 10-fold and 3-fold higher than 
those in 3SS-CUS plants, respectively, suggesting that the 
activity of a promoter in transient assays reflects its activity 
in transgenic plants. Histochemical analysis showed that 
tissue- and organ-specific expression of these promoters 
was very similar to that of 35S-GUS. 

In the experiments with rice protoplasts, we selected 
two promoter constructs, pE7133 and pE7113, for genera- 
tion of stable trans formants. The former is a representative 
construct with seven repetitions of the shortest enhancer, 
the Q sequence, and the intron, and it was associated with 
the highest level of expression (about 70 times higher than 
that of 35S-GUS). Transgenic catli that harbored pE7133- 
GUS and pE7133-LUC had the highest levels of GUS and 
LUC activities (data not shown), but the calli were not easy 
to maintain and it was hard to regenerate whole plants 
from them. It is possible that the negative result reflects 
some physiological stress caused by too large an amount of 
the foreign gene product. We obtained transgenic rice 
plants that harbored E7^-GUS with moderately high-level 
expression in rice protoplasts. On average, the GUS ac- 
tivity obtained with E7i2-GUS was 14 times higher than 
that obtained with 35S-GUS. Although E7Q was not the 
strongest expression promoter in rice protoplasts, the level 
of expression of the GUS gene in stable transformants that 
harbored E7^2•GUS was one order higher than that with 
35S-GUS. 

For convenient comparisons, the effect of each ele- 
ment in stimulating promoter activity in tobacco and rice is 
summarized in Table 3. 

The copy number of integrated genes might also affect 
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Table 3 Strength of each element as part of the promoter in the regulation of gene expression 

Element in promoter Terminator 

E7 En4 or En6 E12 In Q Tnos T3SS 

Tobacco + ++ ++ ± + + ,+ + 

Rice ++ + + ++ + + + + 

±, stimulatory effect was observed in some constructs; +, stimulatory effect was observed in all constructs; + +, strong stimulatory 
effect was observed in all constructs. 



the level of expression in transgenic plants. In this study, in 
about two-thirds of the self-pollinated progeny of each 
ElZQ'GXJS transgenic tobacco plant, the transgene was in- 
troduced at a single locus, as judged by the segregation of 
resistance to kanamycin. This fraction is similar to that for 
35S-GUS plants. 

The CaNfV 35S promoter has often been used as a 
strong and constitutive promoter of the expression of many 
foreign genes for the production of transgenic plants in 
many plant species. Indeed, many experiments have shown 
that the 35S promoter is useful as a strong promoter for the 
expression of sense and antisense genes. However, in some 
cases, stronger promoters have been required to achieve 
higher levels of gene products. The powerful promoter 
cassettes reported here were 20- to 80-fold and 10-fold 
stronger than the 35S promoter in protoplasts and in trans- 
genic plants, respectively. Using the powerful promoter 
£12^2, we have obtained many kinds of useful transgenic 
plant» for example, virus-resistant plants with a gene for 
the coat protein of a potyvirus (bean yellow mosaic virus; 
Nakamura et aJ. 1 994) and a antisense RNA gene of cucum- 
ber mosaic virus with and without ribozyme sequences 
(Nakamura et al. 1995). Another example is a transgenic 
plant with high-level production of asparagine (Kan et al., 
in preparation). Thus, these promoters are potential- 
ly useful for the production of at least 10-fold higher 
amounts of foreign gene products in transgenic plants both 
for basic studies of problems in plant molecular biology 
and for practical purposes. We can see the improved 
efficiency of a promoter for gene expression in Figure 4, 
in particular in the photograph of the autofluorescence of 
the transgenic tobacco plant with the strong promoter 
(Fig.4M). Unique restriction sites located at the ends of 
each part of the promoters allow convenient replacement 
of any part of the chimeric genes by other sequences. There- 
fore, our effective promoter cassettes should also be useful 
for the analysis of the effects of given sequences on gene ex- 
pression and also for the development of even more effec- 
tive new cassettes. 
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Summary 

Here, we examine the cis-elemdnts and trans-factors 
affecting the expression of asparagine syntfietase [ASi 
genes whose transcription is negatively regulated by light 
The promoters for the 457 and 45;? genes of pea were 
isolated, sequenced, and functionally dissected for their 
ability to confer regulated expression to the GU5 reporter 
gene In transgenic tobacco, Histochemicai analysis of 
transgenic plants demonstrated that the AS1 and AS2 
promoters show identical patterns of cell-specific expres- 
sion. The more highly active AS1 promoter was further 
demonstrated to confer negative fight-regulation to the 
GUS gene in transgenic tobacco. Deletion analysis and 
gain-of-function experiments showed that 124 bp of the 
AS1 promoter was sufficient to confer light-activated 
repression to a heterologous promoter. Potential con- 
served transcription regulatory elements. Box B, Box C, 
and Box C within this region were shown to bind to 
nuclear proteins by gel shift analysts. A light-specific 
DNA:protein interaction was detected with Box B. The 
nuclear factors that bind to Box C and C elements of 
AS1 are competed by a putative repressor element 'RE1' 
defined previously In the oat phytochrome gene whose 
transcription is also repressed by light. The Box B and C/ X 
C'-Box/RE1 -binding factors were found in nuclear extracts \ 
of tobacco, pea, and Arabldopsis and may therefore be I 
universal factors involved in light-activated transcriptional I 
repression. ^ 

Introduction 

In plants, glutamlne-dependent asparagine synthetase 
catalyzes the synthesis of asparagine from aspartate and 
glutamine. Asparagine serves to store assimilated nitrogen 
as well as to transport nitrogen from sources to sinks 
during plant development (Sieciechowicz et ah, 1988). 
Biochemical, physiological and molecular studies suggest 
that asparagine synthesis In plants is a dynamic process 
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that is tightly regulated throughout development and by 
environmental factors such as light (Lam et aL, 1994; 
Sieciechowicz ef a/., 1988; Tsai and Coruzzi, 1990,1991). 
Early studies showed that the amino acid asparagine is 
preferentially synthesized in the dark (Urquhart and Joy, 
1981). The physiological significance of this is that asparag- 
ine, having a higher N:C ratio, is a more economical 
nitrogen-transport compound compared to glutamine and 
is used to transport nitrogen under carbon-limiting condi- 
tions (e.g. in the dark) (Lea and Miflin, 1980). Consistent 
with these studies is the finding that asparagine synthetase 
(AS) activity is higher In extracts of peas grown in the dark 
versus light-grown plants (Joy etaL, 1983). 

More recent studies on AS gene expression extend the 
above cited physiological and biochemical findings to the 
molecular level. Two.cDNA clones encoding glutamlne- 
dependent AS (AS1 and ASS) were originally isolated 
'^toffi pea using a heterologous cDNA for human AS as a 
molecular probe (Tsai and Coruzzi, 1990). Molecular studies 
'^revealed that both AS1 and AS2 genes are expressed at 
high levels in dark-grown or dark-adapted plants, and that 
light represses their transcription (Tsai and Coruzzi, 1991). 
The repression of AS gene transcription by light in pea 
and Arabldopsis was shown to be mediated at least in part 
by phytochrome (Tsai and Coruzzi, 1990; Lam etaL, 1994), 
More recent studies indicate that light may also act 
indirectly to mediate changes in AS gene expression via 
light-induced changes In carbon metabolism. In particular, 
it has been shown that sucrose supplementation can mimic 
the negative effects of light by repressing AS gene expres- 
sion in dark-adapted Arabldopsis (Lam ef a/., 1994). 
Similarly, it has been shown that the level of AS mRNA 
increases with the decline of sucrose content In post- 
harvested asparagus spears (Davis and King, 1993). These 
molecular studies regarding sucrose repression of A5 gene 
expression reflect previous physiological studies which 
showed that sugar has a negative effect on the levels of 
the AS enzyme (Brouquisse et a/.,1992; Genix ef a/., 1994; 
Stulen and Oaks, 1977). In maize root tips, AS activity was 
shown to Increase with sugar starvation (Brouquisse ef a/., 
1992). By contrast, AS activity decreases in maize roots 
when plants are treated with exogenous glucose (Stulen 
and Oaks, 1977). 

Aside from AS, there are only a few other cases where 
light has been shown to regulate plant gene expression in 
a negative manner, examples include genes encoding for 
phytochrome (Bruce ef a/., 1989; Colbert et aL, 1983; 
LIssemore and Quail, 1988; Sharrock and Quail, 1989), 
protochlorophyllide reductase (Mosinger etaL, 1985), HMG 
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CoA reductase (Learned, 1996), and the putative transcrip- 
tion factor Athb-2 (Carabelij et aL, 1996). The molecular 
mechanisms by which light-activated transcriptional 
repression occurs Is not yet understood. 

Here, a functional analysis of the AS1 and AS2 promoters 
was performed to begin to determine the cis-acting DNA 
elements that effect light-repressed transcription. We dem- 
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onstrate that the ASI promoter is able to confer negative 
light-regulation to a reporter gene in transgenic tobacco 
seedlings. Deletion analysis and a gain-of-function experi- 
ment demonstrated that 124 bp of the ASI promoter was 
sufficient to confer light-activated transcriptional repres- 
sion to a heterologous promoter. By gel-shift and sequence 
analysis, potential transcription regulatory elements Box 
B, Box C, and Box C were identified within this region. 
Two of these elements (Box B and Box C) are conserved 
within ASI, AS2 and pea phytochrome, genes that are all 
negatively regulated by light (Sato, 1988; Tsai and Coruzzi, 
1991). A light-specific factor that binds to Box B was 
detected. Factor binding to Boxes C and C is competed 
by a putative repressor element 'REV previously identified 
in the oat phytochrome promoter (Bruce et al., 1991). 
Therefore, Box C and Box C are postulated to be repressor 
binding DNA elements involved in light-repressed tran- 
scription of the gene. These DNA elements (Box B and 
Box C/C') may be used to effect the temporal expression of 
a foreign gene (in the dark) in transgenic plants. 

Results 

Defining the promoter sequence and transcriptional 
initiation sites of ttte ASI and AS2 genes 

The ASI and AS2 promoter regions were analysed to begin 
to dissect the mechanism of light-activated transcriptional 
repression. Figure 1(a) shows a schematic representation 
(not drawn to scale) of the gASI.a fragment containing the 
ASI gene from -2381 to +876. Figure Hf) shows that of 
the gAS2.b fragment containing the AS2 gene from -998 



Rgure 1. ASl-GUS and AS2-GUS fusion constructs for transgenic 
tobacco plants. 

(a) A schamattc representation (not drawn to scale) of the gASI.a fragment 
containing the AST gene from nucleotide -2381 to -4-876 (-i-l represents 
the transcription initiation site, indicated by V). The initiation ATG codon 
is indicated. GT-1 DNA binding sites <Tsai and Coruzzi, unpublished data), 
cis-elements identified by sequence homology conserved between ASI 
(from -563 to +10), AS2 (from -998 to and pea phytochrome (from - 
908 to -1) (Box A. B'. B. and C), Box C and the TATA' are boxed in the 
ASI and/or AS2 promoter (see (f) below). 

(b) Construct AS1001 has an ASI fragment from -2381 to +10 In a 
transcriptional fusion wHh the GUS reporter gene. 

(c) 5' ASI deletion constructs contain the 5' ASI untranslated leader to 
-^120 fused to a GUS coding sequence that has the consensus sequence 
for eukaryottc translation flanlcing the ATG, and a 3' non-coding region 
from the rbcs-E9 gene. Cis-etements are indicated. 

(d) NN1019 is a promoterless-GUS construct. The control construct, PB41 
has four copies of the fi4 subdomein of C8MV(>301 to -208) plus the A 
5ubdomain(-90 to -^Z) iused to GUS and was generated as described in 
Benfey et a/. (1990). 

(6) AS1-PB41 has the ASI promoter from -124 to -33 placed upstream to 
the PB41 element. 

(f) A schematic representation (not drawn to scale) of the gAS2.b fragment 
containing the AS2 gene from nucleotide -998 to +1257. 

(g) Construct AS2002 contains an AS2 fragment froTn -998 to +1257 in a 
translational fusion with the GUS reporter gene. 
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to + 1257 {not drawn to scale). The ElOlBL accession number 
for the ASl promoter sequence is Y13321 and for the AS2 
promoter sequence, Y13322. The transcriptional initiation 
sites of the ASl and AS2 genes were determined by RNase 
T2 assay (data not shown) and are numbered as +1 (Figure 
la and If). A putative TATA box for both ASl and A$2 
gene (TATAAAT) was found at nucleotide -30 (Figure la 
and If). In the RNase T2 protection assay, the ASl was 
expressed at higher levels than AS2 in the RNA samples 
isolated from various organs, including leaves, stems and 
roots of dark-grown plants (data not shown). Protected 
ASl and AS2 RNA products were also detected at high 
levels in cotyledons of germinating seedlings and in nod- 
ules (data not shown). 



The ASl andAS2 promoters confer qualitatively identical 
cell-specific expression patterns to the GUS reporter 
gene 

To determine whether the ASl and the AS2 promoters 
confer similar or distinct cell- or organ-specific expression 
patterns, ASl^US and AS2-GUS fusion constructs were 
introduced Into tobacco (Figure lb and Ig). For ASl, the 
promoter-GUS construct AS1001 contains -2381 to +10 of 
gASl.a subcloned In a transcriptional fusion with the GUS. 
(p-glucuronidase) reporter gene. For AS2, construct AS2002 
contains nucleotides -998 to +1257 of gAS2.b subcloned 
in a translatlonal fusion with the GUS reporter gene. 7^ 
seeds collected from the Kan'* primary transformants (Tq) 
were germinated on. MSK medium in continuous light or 
in continuous darkness "(etiolated). Seedlings of at least 8- 
10 independent transgenic tobacco lines of AS1001 and 
AS2002 were analysed. While each promoter showed 
qualitatively the same GUS expression patterns, the ASl 
promoter containing construct ASlOOl showed signific- 
antly higher activity compared to AS2. The average GUS 
activity for ASlOOl light-grown 10-day old seedlings was 
0.310 nmol 4-MU min*^ mg~'* (n=10 independent trans- 
formants) and for AS2002, it was 0.130 nmol 4-MU 
min*^ mg""* (n=8 independent transformants). The 
increased activity of the ASl promoter In transgenic plants 
is consistent with the finding that ASl mRNA accumulates 



FIgur« 2. Histochemical localization of GUS activity conferred by the ASl 
promoter In transgenic tobacco plants. 

GUS assays were performed on ASlOOl (-2381 bp) whole mounts of (a) 
lO-dey old light-grown and <b| 10-day-old dark-grown transgenic tobacco 
seedlings. GUS assays were also performed on cross sections of leaves 
(c), stems (d), end roots (e) made from a representative AS 1010 (-563 bp) 
transgenic tobacco plant grown to maturity (60 days) and dark-adapted for 
2 days. Transgenic plants ASlOOl, AS1007-T016, and AS2002 all had 
identical GUS expression patterns as shown in the figure. Blue staining 
indicates GUS positive cells. C, cotyledon; RT, root tip; V. vasculature. PH. 
phloem; X, xylem. 
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to a fivefold higher steady state level compared to AS2 
mRNA In peas (Tsai and Coruzzi, 1990). 

The cell-specific pattern of expression was identical in 
all the AS1001 and AS2002 transgenic tobacco seedlings. 
Germinating Ty light- and dark-grown plants were assayed 
for GUS expression (Figure 2). In the initial stages of 
germination (days 2-4), GUS expression is detected in the 
endosperm and in alt cells of the cotyledon (day 6) in light- 
er dark-grown seedlings (data not shown). By day 10, GUS 
expression is restricted to the vasculature in light-grown 
(Figure 2a) and dark-grown (Figure 2b) seedlings. In plants 
grown to maturity, the AS7-GaSgene Is expressed exclus- 
ively in the vascular tissue, specifically in the internal 
phloem of leaves, stems, and roots of dark-adapted plants 
(Figure 2 c-e, respectively). In light-grown plants, GUS 
activity is detected in the same tissues, albeit at lower 
levels. These results suggest that the ASl and AS2 pro- 
moters are both able to confer the same vascular-specific 
pattern of expression to GUS in older seedlings and In 
mature plants. 

The ASl promoter confers light-repressed expression to 
a GUS reporter gene 

Previously, in vitro run-on assays In isolated nuclei showed 
that the transcription rate of the ASl gene is higher in 
dark-adapted plants compared to light-grown (Tsai and 
Coruzzi, 1991). Northern analysis showed that the steady 
state levels of ASl mRNA In dark-grown or dark-adapted 
plants decreased 15-fold on transfer to the light (Tsai and 
Coruzzi, 1991). Here> we tested whether the ASl promoter 
could confer negative light-regulation to a heterologous 
gene. As the ASl and AS2 promoters showed similar 
patterns of GUS expression (see above), the promoter of 
the more highly expressed ASl gene was selected for 
deletion analysis. To define the cis-etements involved in 
light-repressed transcription, a series of 5' deletions of the 
ASl promoter were constructed, fused to the GUS reporter 
gene and transferred to tobacco plants (AS1007-AS1018) 
(see deletions. Figure 1c). Since the ASI-^GUS gene was 
shown to be expressed only in the phloem cells of mature 
transgenic plants, an AS T-GL^S construct was designed to 
optimize and to increase the stability and translatability of 
the GUS mRNA. All of the 5' deletion constructs have the 
full 5' untranslated leader of ASl to +120, a modified GUS 
coding sequence froni pRAJ275 (Jefferson et si, 1986), 
and a 3' non-coding region from the rbcs-E9 gene (see 
AS1007, Figure 1c) (see Experimental procedures for con- 
struction and sequence). The GUS sequence of pRAJ275 
contains a consensus for eukaryotic translation flanking 
the ATG initiator codon of GUS (Clontech). These changes 
increased the average GUS activity of construct AS1007 
(Figure 1c) by 10-fold compared to the non-optimized GUS 
contained in AS1001 (Figure lb) (data not shown). The 



cell-specific pattern of expression of AS1-GUS was 
unchanged in the two constructs (AS1001 and AS1007). 
seeds of ASl 5' deletion constructs AS1007-AS1018 were 
germinated on MSK media under continuous light or 
continuous dark for 10 days. For each construct, seedlings 
of at least 10 independent transformants were analysed 
histochemically for GUS expression. The shortest construct 
which retained expression was AS1016, which contained 
the -88 AS1-GUS construct All of the. transformants of 
AS1007 to AS1016 iiad the same pattern of expression. 
That is, GUS staining was detected only in the vascular 
tissue of the cotyledons, hypocotyl, and root tip In either 
light- or dark-grown 10-day old seedlings (see Figure 2d 
and b). 

To measure differences in promoter strength of each 
deletion in light- or dark-grown seedlings, GUS activity 
was quantitated fluorimetrically (Jefferson, 1989). For all 
expressing AS1-GUS coristructs (ASlb07-AS10i6), GUS 
activity was significantly higher in dark-grown seedlings 
(Figure 3b) compared to light-grown seedlings (Figure 3a). 
The median values (denoted by the bar) of dai-k-grown 
AS1007-AS1016 seedlings were consistently higher by 
about 2-4-fold compared to light-grown seedlings (Figure 
3c). As controls, a prohnoterless construct (NN1019) and a 
constitutive promoter (PB41) were analysed (see Figure 
Id). PB41 transgenic tobacco seedlings contain the con- 
struct 35S CaMV(4XB4 +A)-GUS, which has four copies 
of the 35S CaMV promoter subdomain B4 (-301 to -208) 
plus subdomain A (-90 to +8) fused to GUS (Benfey ef a/., 
1990). This PB41 construct was previously shown to have 
a GUS expression pattern in the vascular tissue of the 
hypocotyl and cotyledons of 10-day old seedlings (Benfey 
eta/., 1990). This cell pattern of PB41 is similar to the ASl- 
GUS containing seedlings described herein. 

To determine whether the difference in the D:L ratios of 
various ASl deletions was significant compared to the 
control (PB41) and compared to each other, a non-paramet- 
ric unpaired test was performed. The P values between 
sets of constructs are summarized in Figure 3(e), All ASl 
deletion constructs showed significant differences in D:L 
ratios compared to the control PB41 (P value <0.0o6l). 
Therefore, the ASl promoter deleted down to 88 bps 
(AS1016) is able to confer light-repressed expression to the 
GUS reporter gene. The differences in D:L ratios between 
certain deletion constructs were also deemed significant 
by statistical analysis. For instance, significant increases or 
decreases in D:L ratio occurred between deletions AS1009- 
1010, AS1010-1011, AS1011-1012, and AS1013-1014 
(Figures 3c and 3e). This suggests that these regions are 
involved in the light-regulated expression of the ASl gene. 
The positive or negative effects of deleting c/s-elements 
with regard to GUS expression In light- or dark-grown 
plants are summarized in Figure 3(d). Based on the median 
values, the GUS activity in dark-grown seedlings increases 
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Rgure 3. Swtterplot of GUS activity from light and dark-grown ASI-^US transgenic tobacco seedlings. 

foT GUS eakiT^^^^ transgenic tobacco T, seedlings grown for 10 days In continuous light or dark on MSK media (100 ug m|-^ Kanamycin), were assayed 
Panel (a) GUS activity of trensformants grown in the light 

«x«rH^L^y! activity of transformants grown in the dark. Each dot represents the GUS activity of an independent transformant. GUS activity Is 
transf^rmams aw^^^^^ 4.rDethylumbelI.ferone <4.MU) produced per min per milligram protein. Bars Indicate median values. n»number of Independent 

Panel (c) D:L ratios of each deletion construct, where each dot represents the D:L ratio determined for each transformant and the median is indicated by the bar. 
Iffp^^r^r r Mc ^«P'"«"^*";o" drawn to scale) of the 5' deletion endpoints of the ASl promoter. Shown below is a diagram of the positive or negative 
effects on GUS expression In the dark and in the light after deleting certain c/s-elements. 

IhLfo nflL"*^ non-parametric unpaired test on the D:L ratios between constructs. The 0:L ratios of each construct (AS1007.AS1016) were compared to 
Acfnn!^ Tol«?r * non-parametric unpaired test. The D:L ratios between constructs Vie.. AS1007 versus AS1008, AS1008 versus AS1009, 

AS1009 versus ASlOlO, etc.» were also compared to determine if the differences In their D:L ratios are significant The lvalues below 0.05 are considered 
significant Non-parametric unpaired tests were performed with statistical program Instat™ 2.0. 
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Dark vs Light 
D:L Ratio 


2DA vs Light 
D:L Ratio 


AS1007 
(n=5) 


1.9^.2 (1.6*2.1) Ps.0043' 


2.1±.3 (1.6-2.4) Ps.0043* 


AS1015 


2.5±.5 (1.6-3.3) P=.0007* 


1.9±.3 (1.5-2.1) Pa.0007* 


AS1016 

(n=:6) 


1.8i.4 (1.3-2.3) P=r.0O43' 


1.6±.2 (1.4-2.0) Ps=.0043* 


PB41 

(n=6) 

(g) 


1.2db1 (1.0-1.3) 


1.1±.1 (1.0-1.2) 


AS1-PB41 

(n=:7) 


3.1±.4 (2.0-3-5) P=.0012* 


1.8±.2 (1.5-i.0)Ps.0012* 



^Statistically significant (P<0.05) 



when the region between -691 {AS1009) and -563 (AS 1010), 
and -373 (AS1011) and -333(AS1012) are deleted (Figure 
3b), with no significant change in expression in light-grown 
seedlings (Figure 3a). Therefore, this suggests that there 
was a negative element between those regions repressing 
AS1 expression in the dark {Figure 3d). By contrast, there 
appears to be a dark-specific enhancer between -563 
(AS1010) and -373 (AS1011) (Figure 3b and d). Deleting 
the region between -563 and -373 decreased the median 
GUS activity of dark-grown seedlings with no significant 
change in light-grown seedlings (Figure 3a and b). Finally, 
the region between -283 (AS1013) and -148 (AS1014) 
appears to contain transcription elements that can effect 
levels of ASI. expression in light and dark-grown plants 
(Figure 3a and b). 

For the remaining AS1-GUS deletion constructs, most 
deletions of the ASl promoter did not significantly change 
the GUS expression levels or the D:L ratios. However, in 
one case, deleting the region -124 (AS1015) to-88 (AS1016) 
dramatically decreased the median GUS activity In both 
the light and dark-grown plants (Figure 3a and b) but did 
not change the median D:L ratio (Figure 3c). Here, the 
region from -124 to-88 appearsto act as a positive element 
in the general transcriptional enhancement of the ASI 
gene (Figure 3d). Therefore, although the 88 bp ASI pro- 
moter can maintain light/dark regulation, the 124 bp ASI 
promoter (AS1015) is considered 'minimal' in that it confers 
light/dark expression of GUS activity at levels similar to 
those observed with larger fragments of the ASI promoter 
(see Figure 3a and b). 

The above results based on the GUS activity assays 
indicated that the ASI promoter is able to confer light- 
repressed expression to a GUS reporter gene. To confirm 
that this represents transcriptional regulation, GUS mRNA 



Figurft 4. The ASI promoter drives light-repressed expression of the GUS 
gene in transgenic plants. 

RNase protection assays were performed with total RNA (30 pg) isolated 
from 30(M00 transgenic tobacco plants grown In light (L), dark (D), or 
dark-adapted for 2 days (2DA). A 598 bp GUS and a 416 bp Kan rlboprobe 
were used to detect the GUS and Kan mRNA. Shown in (a-Kl) are 
representathre RNase protection assays of plants with 5' ASI deletion 
construct*; AS 10071-2381), AS1015M24), AS1016(-88) and the control 
PB4105S CaMV(4XB4<»-A)-GUS). 

Shown in (e) are representative RNase protection assays of plants with the 
ASI promoter from -124 to -33 fused to a heterologous promoter (35S 
CaMV(4XB4-.A)-GUS), AS1-PB41. RNase protection assays were repeated, 
each Independently, two times. The steady-state level of GUS and Kan 
mRNA were quantified by phosphor imaging. The 0:L ratio of the 
transformants based on the steady-state level of GUS mRNA (relative to 
the Kan mRNAi in the light or dark/dark-adapted were determined. 
Shown in (f) are the mean D:L ratios for AS1007. AS1015, AS1016 and the 
control PB41. 

Shown in (g) is the mean D:L ratio for AS1--PB41. Represented are the mean 
D:L ratio ± SD with the range in parenthesis. n= number of independent 
transformants. The 0:L ratios of each construct were compared to the 
control PB41 by a non-parametric unpaired test. P values below 0.05 are 
considered significant. 
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levels were analysed from alt GUS expressing AS1-GUS 
transgenic plants (AS1007 to AS1016). GUS mRNA levels 
are shown for representative plants AS 1007 {-2381 
AS1-GUS), AS1015 H24 AS1-GUS), and AS1016 (-88 
AS1-GUS) (Figure 4a-c). The quantification of RNA In (5- 
8) independent transformants are tabulated In Figure 4(f). 
RNA was extracted from seedlings germinated and 
grown for 10 days in continuous light (L) versus continuous 
dark (D), or plants that were light-grown (0 (18 days) and 
subsequently dark-adapted {DA) (2 days) (see Experimental 
procedures). A large number of seeds for each transformant 
were used (300 seeds per transformant) to reduce the 
variability of a heterogeneous population derived from the 
primary transformants. RNA from seedlings of 5 to 8 
individual transformants of AS1007, AS1015, and AS1016 
were analysed by RNase protection assay. Figure 4(a-c) 
shows representative RNase protection assays of con- 
structs AS1007, AS1015, and AS1016, two independent 
transformants for each. In each AS1-GUS construct, the 
steady-state level of the GUS mRNA was significantly and 
consistently higher in seedlings grown in the dark or dark- 
adapted compared to those grown in continuous light 
(Figure 4a-c). As an internal control, the mRNA for the 
constltutively expressed nptll mRNA was also examined 
(Odell et af., 1986). The level of GUS mRNA and nptll 
mRNA were quantified by phosphor imaging (Figure 4f). 
GUS mRNA measured In light-grown and In dark-grown 
or dark-adapted plants was normalized to the level of nptll 
mRNA Shown in Figure 4(f) are the average D:L ratios of 
GUS mRNA for the independent transformants AS1007, 
AS1015, and AS1016- The steady state level of GUS mRNA 
in dark-grown or dark-adapted AS1-GUS seedlings was 
approximately 2- to 3-fold higher than the level of GUS 
mRNA in light-grown seedlings. As a control, 35S CaMV 
(4X84 +A)-GUS containing seedlings (PB41) showed no 
difference In the levels of GUS mRNA In response to the 
light or dark treatment (representatives shown in Figure 
4d) with an average D:L ratio of 1.2 (for dark- versus light- 
grown) or 1.1 (for dark-adapted versus light-grown) (Figure 
4f). All ASl-GUS constructs were shown to have a signific- 
ant increase in the level of dark expression compared to 
PB41 (P values 0.0007-0.0043, Figure 4f). Thus the AS1 
promoter was able to confer negative regulation by light 
to the GUS reporter gene in transgenic tobacco plants. 

124 bp AS1 eiement confers tight-repression to a 
heterologous promoter 

By 5' deletion analysis, it was shown that 124 bp of the 
AS1 promoter can confer light-regulated expression to a 
reporter gene roughly equivalent to the quantity and quality 
of expression conferred by the longest ASI-GUiS construct. 
To determine if the 124 bp sequence could confer light- 
regulated expression to a heterologous promoter, the AS1 



promoter from -124 to -33 was placed upstream to a 35S 
CaMV(4XB4+A)-GUS element (PB41) (Figure 1e). Numbers 
are relative to the start of transcription (+1). The AS1-PB41 
construct was introduced into tobacco and the subsequent 
transgenic tobacco plants were analysed for GUS activity. 
Approximately 200-300 seedlings were grown on MSK 
media for 10 days in continuous light or continuous dark. 
For each independent transformant analysed, the GUS 
activity was consistently higher In the dark-grown seedlings 
(Figure 3b) compared to those grown in the light (Figure 3a). 
The D:L ratio of 26 independent AS 1-PB41 transformants is 
shown as a scatterplot in Figure 3(c) with a median D:L 
ratio of 2.5. A non-parametric unpaired test between the 
D:L ratios of AS1-PB41 and the control PB41 showed their 
differences to be significant with a f value <0.0001 (Figure 
3e). A significant difference between the GUS activities of 
the light-grown AS1-PB41 versus PB41 was also observed. 
In light-grown seedlings, the median GUS activity of AS1- 
PB41 (0.519 nmol 4 MU min'^ mg~^) was significantly lower 
than that of PB41 (0.794 nmol 4 MU min"^ mg-^) with a P 
value of 0.0383. In dark-grown seedlings, the median GUS 
activity for AS1-PB41 (1106 nmol 4 MU min'^ mg'M was 
not (significantly) different to those of PB41 (1077 nmol 
4 MU min-i mg"M with a P value of 0.5398. This data 
suggests that the 124 bp AS1 promoter fragment is spe- 
cifically repressing transcription of PB41 in the light. To 
determine If the 124 bp AS1 promoter confers light-repres- 
sion to a heterologous promoter at the RNA level, GUS 
mRNA from AS1-PB41 transgenic plants was analysed 
by RNase protection assay. RNA was extracted from 7, 
seedlings (300 to 400 seedlings) of seven individual AS1- 
PB41 transformants grown on MSK medium for 10 days 
under continuous light (L) versus continuous dark (D), or 
from plants grown 18 days In continuous light (L) and 
then dark-adapted (DA) for 2 days. Representative RNase 
protection assays of two independent transformant are 
shown in Figure 4(e). Quantitation of the GUS mRNA level 
relative to the level of nptll mRNA by phosphor imaging 
showed a 2- to 3-fold increase in the GUS mRNA in 
dark-grown or dark-adapted AS1-PB41 compared to those 
grown in the light (Figure 4g). Thus, the 124bp ASl pro- 
moter was able to confer light-induced repression to a. 
heterologous promoter. 

In vitro get-shift anaiysis of the ASl promoter identifies 
putative repressor binding sites. Box B and Box C/C 

The ASl 5' deletion analysis showed that plants containing 
only 88 bp of the ASl promoter can confer light-repressed 
expression (to GUS) (Figure 5). Therefore, the 88 bp 
sequence of the ASl promoter contains cis-elements that 
mediate the light-repression of the ASl gene. To explore 
which DIMA sequences contained within these 88 bp of 
ASl might be involved in the light-repressed regulation, the 
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AS1 promoter sequence was compared to the promoters of 
two other pea genes that are transcriptionally repressed 
by light; pea AS2 (Tsai and Coruzzi, 1990) and pea phyto- 
chrome (Sato, 1988). Two short sequences downstream 
of -88 in pea AS1 have been identified as candidates for 
negative light-regulatory elements based on DNA homo- 
logy to AS2 and pea phytochrome; Boxes B and C (see 
Figure la for sequence). In addition, the Box C sequence 
has homology to an Inverse sequence of RE 1, a sequence 
shown to act as a repressor in the oat phytochrome gene 
which is also negatively regulated by light (Bruce et aL, 



1991) (For sequence, see Figure 5 legend). To Identify 
whether these conserved DNA sequences are involved in 
DNA-protein interactions, in vitro gel-shift analysis was 
performed. In the experiments shown in Figure 5(b-d), the 
88 bp AS1 promoter DNA fragment (-88 to -33) was used 
as a labelled DNA probe (AS1 probe). Nuclear extracts 
tested were from leaves of peas grown in the light (PL) or 
dark (PD) (Figure 5b), from tobacco grown in the light (TL) 
or dark-adapted for 4 days (TD) (Figure 5c), or with nuclear 
extracts from leaves of Arabidopsis grown in the light (AL) 
or dark-adapted for 6 days (AD) (Figure 5d). Following 
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Figure 5. DNA;protein complexes rn minfmal functional AS1 promoter element 

(a) A schematic presentation of the DNA fragments of the ASI promoter used as a probe to detect DNA-proteIn bindings by gel-shtft analysis, 
(b-d) Gel-shift analysis using the ASI probe (-88 to -33) to detect DNA protein bindings. The ASI probe has Box B. Box C, end Box C (see Figure 1 a for eoquence). 
(e-f) Gel-shift analysis using F1 (-73 to -33J and F2 (-88 to -48) as a probe. F1 has Box B and Box C. F2 has Box B and Box C*. For competftion assays, DNA 
fragments were generated by annealing two complimentary oligos. Competitors are Box B=AAACGACACCGTTT, Box B^^AAACGAAAAAGTTT, Box C« 
AGCTCCCACCTTa Box Cr"«AG(rrCAAACCTTC, Box C'-TCCCGGTACACACTTCTT, Box C""'=TCCCGGTAAAAACrrTCTT. Box C""'»TCAAGGTACACACTTCTT, 
and a dimer of RE1«>CCGCGCCCATG (Bruce et el., 1891) (Bold letters Identify mutated residues (C-*A) in mutants). NS (non-specific DNA fragment) is a gel 
purified 63 bp Xbal/5«/l DNA fragment of Bluescript generated by PCR. Gel-shrfl analysis was performed with nuclear extracts from leaves of pea grown in 
the jight (L) or dark (D), from tobacco grown in the light (U or dark-adapted for 4 days (D), and from Arabidopsis grown in the light <U or dark-adapted for 
6 days (D). 



electrophoresis, shifts were observed with all nuclear 
extracts indicating the formation of DNA-protein com- 
plexes (Figure 5b-<i, fanes 2 and 3). The complexes detected 
in PL and PD were identical in mobility (Figure 5b). The 
complexes detected in TL and TD were also very similar 
except for an extra band detected in TL (indicated by an 
arrow, Figure 5c, lane 2). In Arabidopsis, the complex 
forming the upper band is distinct in mobility in extracts 
from light-grown (AL) versus dark-adapted (AD) plants 
(indicated by an arrow. Figure 5d, lane 2). The protein 
factors involved in these shifts were shown to be specific 
for the AS1 promoter and conserved between species as 
determined by competition experiments. The shifts are 
each competed with a 50-fold excess of unlabeled 88 bp 
ASI promoter DNA fragment (Figure 5b-d, lanes 4 and 5), 
but not by a 50-foId excess of a non-specific (NS) DNA 
fragment of similar size (Figure 5b-d, lanes 6 and 7). To 
localize the specific DNA binding sequences within the - 
88 to -33 bp AST fragment, competition experiments were 
performed. The upper shifted bands detected with pea. 



tobacco, and Arabidopsis extracts were confirmed to be 
the result of a protein interaction with DNA element Box 
B. The Box B shift is competed by an excess of unlabeled 
wild-type Box B (Figure 5b-d, lanes 8 and 9), but not by 
an excess of unlabeled mutant Box B"" (Figure 5b-d, lanes 
10 and 11) (for sequence, see Rgure 5 legend.) The lower 
band detected is defined as a Box C:protein interaction as 
it can be competed by an excess of unlabeled Box C (Figure 
5b-d, lanes 12 and 13) but not by an excess of mutant Box 
(Figure 5b-d, lanes 16 and 17) (see Figure 5 legend for 
sequences). The DNAr-protein binding of both Box B and 
C are each eliminated when the cytosine nucleotides in 
each are changed to adenine (see Figure 5, legend). These 
cytosine nucleotides are therefore deemed to be required 
for DNA-protcin binding. The Box C shift is also specifically 
competed by RE1, a putative repressor element previously 
defined in the oat phytochrome gene (Bruce et ai, 1991) 
(Figure 5b-d, lanes 14 and 15). We note that either Box C 
or RE1 elements do not compete as well (for the Box C 
shift) in extracts of light^grown plants (Figure 5b-d, lanes 
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12 and 14) compared to extracts of dark-grown/adapted 
plants (Figure 5b-d, lanes 13 and 15). This difference could 
either reflect enhanced binding activity in extracts of light- 
grown plants or It could be an artifact of extract preparation. 

Further in vitro gel-shift analysis using the smaller F1 
and F2 probes revealed that there are two c/s-elements 
(Box C and Box C) that can be competed by the RE1 
element (Bruce eta/., 1991) within the 88 bp ASl fragment 
(Figure 5a). F1 encompasses the ASl promoter from -73 
to -33, while F2 encompasses the ASl promoter from -88 
to -48 (Figure 5a). Both F1 and F2 contain the Box B 
element. F1 contains a Box C element while F2 contains a 
Box C element (see Box C, Figure la for sequence). The 
F1 and F2 probes were used to detect complexes formed 
with tobacco, pea, and 4rab/dops/s extracts. While all gave 
similar results, only the tobacco extracts are shown (Figure 
5e and f), as the in vivo promoter dissections were per- 
formed in tobacco. Incubation with F1 and F2 probes 
showed similar shifts (Figure 5e and f). As determined by 
competition experiments, these shifts were found to be 
specific for the F1 and F2 probes. The shifts are competed 
with a 50-fold excess of unlabeled F1 or F2 DNA fragments 
(Figure 5e and f, lanes 4 and 5), but not by a 50-fold excess 
of non-specific DNA fragment (Figure 5e and f, lanes 6 and 
7). Both F1 and F2 have a DNAiprotein interaction with DNA 
element Box B (upper band, Figure 5e and f). Competition 
experiments showed that the upper shifted band can be 
competed by an excess of unlabeled wild-type Box B 
(Figure 5e and f, lanes 8 and 9), but not by an excess of 
unlabeled mutant Box B*" (Figure 5e and f, lanes 10 and 
11; see Figure 5 legend for sequences). The lower band 
was found to be a DNA:protein interaction with Box C or 
Box C. Using F1 or F2 as a probe, the lower band can be 
competed by ah excess of unlabeled Box C (Figure 5e and 
f, lanes 12 and 13), but not by an excess of mutant Box C" 
(Figure Be and f, lanes 16 and 17; see Figure 5 legend for 
sequences). Similarly, the lower band can also be competed 
by Box C (Figure 5e and f, lane 20) and not by an excess 
of mutant Box C""'' (Figure 5e and f, lane 21). Competition 
with another Box C mutant, Box C""^ (see Figure 5 legend 
for sequence), can compete out the lower band detected 
with the F2 probe but not with the F1 probe (Figure 5e 
and f, lane 22). The cytosine nucleotides that have been 
changed to adenine in Box C""^ (see Figure 5, legend) 
seemed to be involved in the DNArprotein binding of Box 
C but not in Box C. The Box C or C shift can each be 
competed by the RE1 element (Figure 5e and f, lanes 14 and 
15). Competition experiments using pea and Arabidopsis 
nuclear extracts also showed a Box C shift which can be 
competed by the Box C and RE1 elements (not shown). 
The sequences shared between Box C, C, and an inverted 
sequence of RE1 are shown In Figure 6. The nuclear protein 
factor that binds to either Box C, C*, or RE1 could be a 
repressor binding protein which has multiple DNA binding 



sites. Alternatively, there could be-a family of binding 
proteins that bind to Box C, C\ or RE1 vyhich may be 
Involved in light-activated transcriptional repression. 

Discussion 

The expression of the ASl and AS2 genes of pea has been 
shown to be regulated by light in a negative manner (Tsai 
and Coruzzi, 1990). For AST, it was shown that at least part 
of this negative light-regulation occurs via the phytochrome 
photoreceptor (Tsai and Coruzzi, 1990). The light-repressed 
expression of AS genes is also evident in other species 
such as tobacco and Arabidopsis {lam etal,, 1994; Tsai and 
Coruzzi, 1991). Here, we analysed the. pea ASl promoter in 
transgenic tobacco to define the c/s-acting DNA elements 
and the protein factors that bind to these elements involved 
in light-activated transcriptional repression. 

The sequence of the ASl and AS2 genomic fragments 
containing the 5' upstream region and part of the tran- 
scribed region are reported here. The putative TATA boxes 
are perfectly conserved between the AS 7 and AS2 genes 
at -30. The overall sequence homology between 5' 
upstream regions of the ASl and AS2 genes from nucleot- 
ide -600 to -1 is less than 50%. However, some highly 
conserved sequences Were found regionally within the 
TATA proximal 200 bases of the ASl and AS2 promoters 
(Figure la and If). Histochemical analysis of GUS activity 
in transgenic tobacco plants carrying either AS1-GUS or 
AS2-GUS promoter fusion constructs reveals that both 
ASl and AS2 promoters confer the same organ- and cell- 
specific expression patterns to the GUS reporter gene. 
However, the ASl promoter was more robust than AS2 in 
all transformants examined. This difference is also reflected 
in the level of ASl and AS2 mRNA in pea (Tsai and Coruzzi, 
1990). These results suggest that although the ASl and 
AS2 promoters both contain similar cis-elements for tissue- 
specific and cell-specific expression, the ASl promoter 
most likely contains additional enhancer elements. 

Both ASl and AS2 promoters are able to direct GUS 
expression in the vascular tissue, primarily in the phloem 
of cotyledons, leaves, stems, and roots. These cell-specific 
expression patterns conferred by the AS promoters provide 
insigKt into the mechanism of asparagine synthetase in 
plants. Physiological studies have shown that asparagine 
is transported in the phloem and that this transport follows 
a 'source-to-sink' rule (Sieciechowicz etal,, 1988). Asparag- 
ine synthesized at sources is loaded into vascular elements 
and transported to the various sinks such as growing 
shoots, roots, developing fruits and seeds (Dilworth and 
Dure, 1978). The AS-GUS studies reported here demon- 
strate that at least some of the asparagine transported in 
the plant vasculature is synthesized in the phloem cells in 
situ. It is curious that neither the ASl nor AS2 promoters 
are expressed in mesophylt cells of mature leaves where 
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Figuro 6. Sequence comparison between REl, Box C, and Box C\ 

Identical nucleotides between an inverted sequence of the REl element from the oat phytochrome gene (Bruce et al, 1991} and Box C and C* from the pea 
ASl gene are shaded. Cytosine nucleotides changed to adenine to create {mutants) Box C", Box C'"^\ and Box C"^ are dotted. 



asparagine Is thought to play a minor role in photorespira- 
tion (Lea and Miflln, 1980). White these are the only two 
glutamine-dependent 4Sgenes of pea defined by Southern 
hybridization and cDNA analysis (Tsai and Coruzzi, 1990), 
the possiblity remains that peas contain other less homo- 
logous AS genes that are expressed in mesophyll cells. 

The ASl promoter was chosen for c/s-element analysis 
owing to Its increased promoter strength relative to the 
AS2 promoter. In analysing a series of ASl 5' promoter 
deletion mutants, the shortest promoter fragment tested 
which was able to confer Itght-regulated expression to 
GUS was -88 bp (AS1016). Plants with the 'full-length' - 
2381 bp ASl promoter (AS1007), and alt deletions down 
to -88 bp (AS 1016) had an overall GUS activity which was 
higher in the dark by 2* to 4'fold compared to those grown 
in the light The -124 promoter is designated as minimal 
as It was able to confer the identical level of expression to 
GUS as the 'full-length' promoter. A high basal level of 
AS1-GUS expression in light^rown seedlings was 
observed. This high level of ASl expression most likely 
reflects a basal level owing to a light-independent function 
of ASl which was previously reported for pea cotyledons 
(Tsai and Coruzzi, 1990). Deleting certain c/s-elements of 
the ASl promoter affected the median D:L ratios, sug- 
gesting their Involvement In the light-regulation of ASl 
(Figure 3d). Deleting the two GT-1 DNA binding sites (Tsai 
and Coruzzir unpublished data) located at nucleotide -444 
to -422 (see Figure la and c) (between deletions AS1010 
and AS1011) results In a dramatic reduction In the level of 
dark expression with no significant effect on light expres- 
sion (Figure 3d). Thus, the GT-1 binding sites appear to be 
involved in the specific expression of the AS 7 gene in dark- 
grown plants. GT-1 binding sites have been found In the 
promoters of other tight-regulated genes including pea 
rbcS-3A (Green et al, 1987, 1988) as well as in the light- 
induced nuclear gene encoding GS2 (the chloroplast form 
of glutamlne synthetase) in pea (Tjaden et aL, 1995) and 
the light-repressed gene for phytochrome In rice (Kay etal, 
1989) and oat (Bruce et al., 1991). Deleting the Box A 
and B' elements conserved between ASV AS2, and pea 
phytochrome affected levels of both light and dark (GUS) 
expression (Figure 3d}. This suggests that Box A and 
Box B' may be transcriptional elements Involved in basal 
expression. The 5' deletion of Box B and Box C/C elements 
conserved between ASl, AS2, and pea phytochrome 
destroyed transcription (AS1017 and AS1018) (Figure 3a 
and b). 



In a gain-of-f unction experiment, the ASl promoter frag- 
ment from -124 to -33 was shown to confer light-induced 
repression to a constitutive 35S Cal\4V promoter, 35S CaMV 
(PB41). The (median) GUS activity of light-grown AS1- 
PB41 was significantly lower than those of the controls 
(PB41), while dark expression of AS1-PB41 was unaffected 
(see Results and Figure 3a and b). This suggests that 
the light-regulation of ASl transcription involves light- 
activated repression and not dark-activation, although the 
latter can not be completely ruled out 

Gel shift analysis showed two major DNA/protein com- 
plexes involving the Box B and Box C/C elements contained 
within the shortest light-repressed -88 promoter (AS1016). 
The B and C/C binding factors are present in extracts of 
both tight or dark-grown/adapted plants. However, In light- 
growth conditions, the protein(s) binding to Box B are 
modified. That is, there is an extra 'B' shift observed in 
tobacco (see arrow. Figure 5c, lane 2) and the B complex 
Is altered in mobility in light-grown compared to dark- 
adapted Arabidopsis (see arrow. Figure 5d, lane 2). This 
light-specific modification of the 'B' shift suggests that there 
is a light-induced modification of the B-binding protein or 
a light-induced modification of a protein that binds to the 
B-binding protein. This tight-induced modification of the 
B-binding protein may be involved in light-activated tran- 
scriptional repression of ASl. In addition, the nuclear 
protein that specifically binds to Box C or Box C may also 
be involved in repression, as Its binding is competed by 
REl, a putative repressor element previously defined In 
the oat phytochrome gene (Bruce ef at., 1991). The Box C 
element is immediately 5' proximal to the TATA box, 
which is a typical placement for a classical repressor 
that Interferes with RNA polymerase binding in bacteria 
(McClure, 1985). Further experiments are necessary to 
answer the question as to how B and C/C DNA-protein 
complexes might be involved In light-activated transcrip- 
tional repression. The two Box C elements (C and C) can 
compete with each other for factor binding. The nuclear 
protein that binds to the C or C elements may be the same 
or it could be different. While one mutant of Box C (Box 
C"^M affects binding to both Box C and C, the cytosine 
nucleotides mutated in Box C""^ only affected factor bind- 
ing with Box C and not with Box C. These results suggest 
that there may be a preference of binding of the factor(s) 
to either Box C or Box C' site. As C and C binding are 
each competed with the putative repressor element REl 
defined in the phytochrome (Bruce et aL, 1991), they along 
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with the B element may act as repressor-bindmg DNA 
elements In the ASl promoter. In Arabidopsis, the ASN1 
gene has been shown to be repressed by either light or 
sucrose (Lam ef a/., 1994). Likewise, the pea ASl promoter 
activity appears to also be repressed by sucrose (data not 
shown, Ngal and Coruzzi, unpublished). Thus, it would 
be interesting to determine whether light-repression and 
sucrose-repression of pea ASl are mediated by the same 
or distinct trans-acting factors or c/s-elements. The identity 
of 'repressor' elements in ASl would be useful for engin- 
eering a promoter for temporal expression of foreign 
genes in plants In which foreign gene expression could be 
repressed by light and/or sucrose. 



Experimental procedures 

isolation of AS genomic clones from peas 

AS1 and AS2 genomic clones were isolated from Pisum sativum 
(var. Teltham First'} genomic library constructed in XEMBL3 (Lycett 
et al., 1985). This genomic library was probed with 1.4 kb $st\/ 
BamHl fragment of cDNA clone cASI (Tsai and Comzzl, 1990). 
Two clones were isolated, XgASI which hybridized strongly to the 
ASl cDNA probe, and XgAS2 which hybridized more weakly to 
the AS1 cDNA probe. The inserts of XgASI and XgAS2 are 17 kb 
(g ASl) and 14kB (gAS2) respectively A 3.2 kb Sstl/fiamHI fragment 
of XgASI and a 2.2 kb Bgfl\ fragment of XgAS2 were subcloned 
into pTZ18U vectors to create the piasmids gASI.a and gAS2.b, 
respectively. The 5' upstream region of ASl and AS2 genes was 
determined by Southern hybridization using the 5' end of ASl 
and AS2 cDNAs as probes (data not shown). The 5' upstream 
region of ASl and A52gene are located within gASI.a and gAS2.b 
(Figure 1). 



RNase protection assay 

The GUS and nptll mRNAs were detected by RNase protection 
assay. Plasmid pGEM32 subclones carrying either kanamycin 
(352bp) or GUS (534bp) cDNA fragments were linearized by 
digestion with HIncW and H/ndlll, respectively, and subsequently 
used to make P^^-CTP labeled nptll and GUS antlsense riboprobes 
by in vitro transcription using SPS RNA polymerase (Melton, 
1984). Total RNA used in the assays were extracted from plant 
tissue using a buffer as described by Jackson and larkins (1976). 
Total RNA was treated with RQ1 DNase (Promega) to remove any 
DNA contamination. The detection of GUS and nptll mRNA was 
performed using an RPAir**ribonuclease protection assay kit 
(Ambion). Briefly, 30 \lq of total RNA isolated from transgenic 
tobacco seedlings was hybridized with an excess of radiolabeled 
GUS and kanamycin riboprobes overnight in 80% deionized forma- 
mide, 100 mM sodium citrate pH 6.4, 300 mM sodium acetate pH 
6.4 1 mM EDTA at 42''C. After hybridization, single-stranded probes 
were degraded with a mixture of RNase A and RNase T1 enzymes. 
Digested products were separated on a 6% acrylamide, 7 M urea 
gel, and exposed to X-ray film at -80*C. The steady-state level of 
the GUS and nptll mRNA of each transformant was quantified by 
phosphor imaging (Model GS-250 Phosphor Imaging System from 
Biorad). The GUS mRNA measured in the light and in the dark or 
dark-adapted were normalized to the level of nptll mRNA 



Construction of promoter-GUS piasmids 

The AS1-GUS construct, AS1001 was created by subcloning a 
BamHyPviA\ fragment (nt -2381 to +10) from gASI.a to a 0amHI/ 
Pvull site of pBIIOl.1 vector (Jefferson, 1989). For the AS2-GUS 
construct a BgliMBgM fragment (nt -998 to +1240) from gAS2.b 
were subcloned into pBIIOI.1 to create AS2002. A series of 5' ASl 
promoter deletions (AS1007-'AS1018) were constructed by fusing 
different 5* ends of the ASl promoter to GUS. For constructs 
ASl OlO-AS 1018, each of the different 5' ASl deletion fragments 
(-n to +120) were generated by PGR using specific oligonucleo- 
tides. The PGR fragments were subcloned as an HindWMNcol 
fragment Into the pT2-GUS plasmid. The pTZ-GUS ptasmid con- 
tains a GUS coding sequence from the plasmid pRAJ275 
(Glontech), which has the eukaryotic consensus sequence for 
translation flanking the initiator codon (CATACCATGGTGCGT) and 
a 3' end from the rbcS'E9 gene (Goruzzi etaL 1984). After verifying 
the promoter sequences generated by PGR to be correct by DNA 
sequence analysis, the different 5' AS1-GUS fragments from pTZ- 
GUS were subcloned into pBMOI.I as a H/ndlll/fcoRI fragment to 
create AS1010-AS1018. A Sal[/$ca\ fragment from AS 1001 (nt 
-2381 to -1) was subcloned into AS1010 to create AS1007. A 
W/ndlll fragment from ASlOOl (nt -1541 to -596) was subclbned 
into AS1007 to create AS1008. A Cia\/SnaB\ fragment from AS1007 
was subcloned into BS-GUS, a plasmid similar to PTZ-GUS. This 
created a 5a/l/Scal fragment (nt -691 to -1) which was then 
inserted into AS1010 to create AS 1009. NN 1019 is a promoterless- 
GUS construct. The control consruct. PB41 has four copies of the 
subdomain B4 (-301 to -208 of the 35S GaMV promoter) plus A 
(-90 to +8) fused to GUS and was generated as described in 
Benfey ef a/. (1990). The gain-of-function construct, AS1-PB41 
was created by inserting a PGR generated ASl promoter from nt 
-124 to -33 into a H/ndlll site just upstream to the PB41 element. 
All constructs were checked by restriction digest and DNA sequen- 
cing. Gonstructs were Introduced into Agrobacterium tumefaciens 
strain L6A4404 by triparentat mating as described by Bevan (1984) 
or by etectroporation (Gene Pulser^ by Biorad). 

Growth conditions of transgenic tobacco plants 

Nicotiana tabacum cv. SRI was transformed using the leaf disc 
method (Horsch et at., 1985). The Kan^ primary transgenic tobacco 
plants were grown In sterile culture, then transferred to soil and 
grown in a normal day/night cycle (16 h of light at 26X and 8 h 
of dark at 22*G) for maturation. T1 seeds collected were sterilized 
in 10% sodium hypochloride and grown vertically on square plates 
(100X15 mm) on MS media without sucrose and 100 \xg mM 
kanamycin. Plates were incubated at 4''G for 2 days, then trans- 
ferred to white-light (22''C) or wrapped in aluminum foil and kept 
in a dark chamber (22'G) for 10 days; or grown in continuous 
white-light for 18 days and dark-adapted for 2 days, three hundred 
to 400 seedlings were harvested for RNA extraction. Harvesting 
of dark-grown seedlings was performed under a green safe-light 
(Kodak 7B safe-light filter, cat#8483141). Histochemical assays of 
GUS enzyme was performed on transgenic tobacco seedlings as 
described in Benfey et al (1989). 

Photomicrographs were taken with a Nikon Optiphot micro- 
scope. The GUS activity of transgenic tobacco seedlings (200- 
300) was measured fluorometrically as described by Jefferson 
ef al, (1989). Protein concentrations were determined using the 
Bio-Rad protein assay with BSA as a standard (Bradford, 1976). 

Gel-shift analysis 

Gel-shift analysis was performed to identify DNA-protein inter- 
actions within the 88 bp ASl promoter. A DNA fragment of the 
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ASl promoter from -88 to -33 was generated by PGR, digested 
with restriction enzymes, and gel purified. These were then labeled 
using the Klenow enzyme and {^^PjdCTP and («p)dATP (NEN). 
Nuclear extracts were prepared by the method of Green et al 
(1987,1989) from leaves of light or dark-grown pea, from leaves 
of tobacco plants either grown in the light or dark-adapted for 4 
days, or from Arabidopsis (ecotype, Columbia) plants either grown 
in the light or dark-adapted for 6 days. The assays were performed 
by incubating 1-5 ng labeled restriction fragments (20-30 000 cpm 
^M) with nuclear extracts from pea, tobacco, and Arabidopsis in 
a 10 ^l reaction solution containing 4.0 \ig of poly(dl-dC) (Pharma- 
cia) and 1 mM EDTA In NEB buffer (25 mM Hepes-KOH, pH 7.5, 
40 mlVl KCI, 0.1 mM EDTA, 10% glycerol, 1.0 mM DIT, and 5 mM 
MgCl2) for 15 min at room temperature. For competition studies, 
50-fold excess of unlabeled probe or specific DNA competitors 
was added before adding labeled ONA fragment. Specific DNA 
competitors were generated by annnealing two complimentary 
oligos. The competitors used in the assay are Box B«AAACGA- 
CACCGTTT, Box B'"=AAACGAAAAAGTTT, Box C= AGCTCCCACC- 
TTC, Box Cn-AGCTCAAACCTTC, and RE1-CCGCGCCCA- 
TGCCGCGCCCATG (a dimer of the RE1 element CCGCGCCCATG). 
The competitor NS (non-specific) is a gel purified 63 bp Xbat/ 
5a/l DNA fragment of Bluescript generated by PCR. Following 
incubation, the mixture was electrophoresed on a non-denaturing 
6% acrylamide gel in 0.5 x TBE, gels were dried onto DE81 paper, 
and autoradtographed at -BO'^C. 
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